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PEE  FACE. 


The  modem  development  of  Physiology  has  been 
largely  due  to  the  application  to  this  branch  of  science 
of  physical  and  chemical  principles  and  laws.  Physics 
and  chemistry  are  now  constantly  appealed  to  for  aid 
in  working  out  physiological  problems ;  and  the 
physiologist  finds  himself  continually  resorting  to 
physical  methods  and  apparatus,  both  for  purposes  of 
illustration  and  research.  In  some  respects,  therefore, 
the  study  and  the  teaching  of  Physiology  have  become 
increasingly  difficult  because  of  the  broadening  of  its 
relations  with  other  sciences. 

In  the  teaching  of  the  subject  at  the  University  of 
Glasgow  the  want  has  been  felt  of  a  small  text-boolc 
for  students,  in  which  the  elementary  facts  and  prin- 
ciples of  physics  might  be  given  together  with  their 
physiological  applications,  and  in  which  might  be  in- 
cluded some  detailed  description  of  physical  apparatus 
and  methods  as  adapted  to  physiological  purposes. 
To  meet  this  want  to  some  extent,  a  series  of  woolcly 
demonstrations  was  given  by  me  to  the  students 
attending  the  class  during  the  winter  months;  and 
one  of  tlie  results  of  that  sori(\s  is  this  text-book. 
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The  method  followed  has  been  to  take  up  one  branch 
of  physics  after  another,  to  state  as  briefly  as  possible 
the  main  elementary  facts  and  principles  of  each  branch, 
to  describe  such  apparatus  as  seemed  desirable,  and 
then  to  note  the  physiological  application  of  the  facts 
and  adaptations  of  the  instruments.    The  subject  of 
electricity  and  magnetism  lent  itself  most  readily  to 
this  method,  and  seemed  of  special  importance  in  view 
of  the  great  development  of  electro-physiology  and 
therapeutics.     This  accordingly  was  the  first  to  be 
considered.    The  experiments  described  in  this  section 
are  all  those  which  it  has  been  customary  to  employ 
here  in  illustration  of  the  part  of  the  course  devoted 
to  the  physiology  of  muscle  and  nerve.    An  effort  has 
been  made  so  to  describe  them  that  the  student  might 
take  the  book  to  the  laboratory,  and,  with  its  aid,  set 
up  and  work  out  the  experiments  for  himself.  For  this 
purpose  a  considerable  number  of  diagrams,  showing 
arrangements  of  apparatus,  has  been  introduced.  In 
this  respect  the  book  differs  considerably  fi-om  Wundt's 
Trait'e  Mementaire  de  Physique  Medicale  or  Grehant's 
Manuel  de  Physique  Medicale,  to  both  of  which,  and 
to  the  former  especially,  I  have  to  acknowledge  my 
great  indebtedness. 

To  many  other  works  I  have  to  express  my  obliga- 
tions :  among  them,  to  Du  Bois-Reymond's  Ahhand- 
lungen,  etc.,  Morgan's  Electro- Physiology  and  Thera- 
peutics, Rosenthal's  Eleclricitcits  lehre  fiir  Medicincr, 
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Gscheidleii's  Physiologische  Methodik,  and  Cyon's 
Methodik  der  Physiologischen  Experimente. 

Most  of  the  woodcuts  have  been  prepared  by- 
Mr.  Stephen  Miller,  of  Glasgow,  whom  I  have  to 
thank  for  the  carefulness  and  accuracy  of  their 
execution. 

I  must  also  express  my  gratitude  to  Mr.  Andrew 
Gray,  now  Professor  of  Natural  Philosophy  in  the 
University  College  of  North  Wales,  who  very  kindly 
read  the  first  part  of  the  book,  and  suggested  altera- 
tions. 

I  am  conscious  that  the  book  as  finished  does  not 
reach  even  the  level  of  my  own  hopes.  I  trust  that, 
at  least,  no  errors  or  inaccuracies  have  been  over- 
looked in  the  revision. 

J.  M'G.  R. 
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ELECTRICITY  AND  MAGNETISM  AND  THEIR  APPLI- 
CATIONS IN  PHYSIOLOGY  AND  MEDICINE. 


CHAPTER  L 

FRICTIONAL  ELECTRICITY. 

There  are  three  principal  methods  of  developing 
electricity.  The  lirst  method  is  by  friction,  the 
second  by  chemical  action,  and  the  thii-d  by  tlie  action 
of  nia^/nets.  Tlie  electricity  oljtained  by  the  first  of 
these  methods,  wJiich  is  the  subject  of  this  chapter,  is 
called  therefore  Frictional  ElectricAly. 

It  was  known  to  the  ancients  tiiat  amber,  when 
rubbed  with  sillc,  possessed  tlie  property  of  attracting 
light  bodies;  but  it  wns  not  till  near  the  close  of  the 
sixteenth  century  that  an  English  physician,  Dr. 
Gdbert,  showed  that  other  bodies  po.sses.sed  similar 
properties. 

Take  a  small  ball  of  some  very  light  material 
like  pith,  and  su.spend  it,  by  mea,ns  of  a,  silk  thread,' 
from  a  glaj^s  support  (Fig.  1).  Tf  now  a  stick  of 
resm  or  sealing-wax  be  rubbed  vigorously  with  cat- 
skm  or  flannel,  and  then  brought  near  to  the  pith 
B-  7 
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Fig.  1 


The  Electric 
Pendulum. 


ball  the  ball  will  be  attracted  towards  the  wax.  If 
the 'pith  be  allowed  to  touch  the  wax,  it  will  remain 
ill  contact  for  only  an  instant,  and  will  then 
be  repelled.  Similarly,  if  a  rod  of  polished  g  ass 
be  rubbed  with  silk,  and  then 
brought  near  to  a  pith  ball,  the 
ball  will  be  attracted  till  contact 
is  made ;  thereafter  it  will  be  re- 
pelled. 

By  the  friction  the  sealing-wax 
and  the  glass  rod  became  elec- 
trified, and  attracted  the  unelec- 
trified  pith  ball.  As  soon  as  the 
ball  touched  the  electrified  body  it 
received  itself  a  charge  of  _  elec- 
tricity, and  was  then  immediately 
repelled. 

Now  let  the  glass  rod  be  brought  near  to  the 
pith  ball,  which  has  received  a  charge  from  the  sealmg- 
wax,  and  been  consequently  repelled  by  it  and  it  will 
be  attracted  by  the  glass.    Or,  let  a  pith  ball  receive 
a  charge  from  an  electrified  glass  rod,  it  will  be 
immediately  repelled  by  the  glass,  but  wil   now  be 
attracted  by  an  electrified  rod  of  wax.    Thus  there 
seem  to  be  two  kinds  of  electricity,  one  generated  on 
smooth  glass  by  friction,  and  hence  called  vitreous 
electricity,  and  another  generated  on  wax  or  resm  by 
friction,  and  hence  called  resinons  electricity  But 
further,  the  above  experiments  show  that  a  pith  ball 
charged  with  the  same  electricity  as  a  rod  of  wax^  is 
repelled  by  the  wax,  but  is  attracted  by  olectrrfied 
glass;  and'similarly,  that  a  pith  ball  f >arged  -  ^1 
fitreous  electricity  is  repelled  by  the  glass  rod,  but 
litracted  by  the  wax.    In  other  words,  M^e^>^^ 
v^ith  like  dectriciUes  repel  one  another,  ^^^Jf"^ 
charged  roith  unlike  electricrtres  ^^'^^ff"^ 

The  nvo-fluid  tlicoi-y,  or  the  theoiy  ^^lllcn 
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supposes  that  there  are  two  kinds  of  electricity,  is  due 
to  the  French  academician,  Dufay,  and  was  afterwards 
■worked  out  by  Robert  Symmer.  It  supposes  that 
all  bodies  have  a  certain  amount  of  both,  which 
equalise  one  another,  so  that  the  body  appears  un- 
electrified.  The  body  may,  however,  gain  an  excess 
of  one  of  the  fluids,  and  as  the  total  amount  is  always 
the  same,  it  loses  a  corresponding  quantity  of  the 
other,  and  then  appears  electrified  by  the  fluid  which 
is  in  excess. 

Neutralisation  of  one  electricity  by  the  other  may 
be  shown  by  touching  a  pith-ball,  previously  chai^ged 
from  a  glass  rod,  by  an  electrified  stick  of  resin.  The 
ball  at  once  ceases  to  be  electrified. 

The  one-fluid  theory  sujiposes  only  one  kind  of 
electricity,  of  which  all  unelectrified  bodies  have  a 
normal  amount.  Bodies  may,  however,  be  caused  to 
have  more  than  the  normal  amount  when  they  are 
said  to  be  positively  electrified  ;  or  they  may  have  less 
than  the  normal  amount  when  they  are  negatively 
electi-ified.  This  is  the  theory  propounded  by 
Franklin  in  1747. 

On  both  theories  the  fluids,  or  fluid,  are  mobile  and 
imponderable,  and  permeate  all  ponderable  matter. 

Franklin's  phraseology  is  genei-ally  adopted,  though 
not  his  theory,  positive  and  negative  being  convenient 
terms  for  designating  the  electrical  state  of  bodies. 
Positive  is  equivalent  to  vitreous,  and  negative  to 
resinous,  the  one  being  often  signified  by  the  sign  +, 
and  the  other  by  the  sign  — . 

When  the  glass  becomes  positively  electrified  by 
friction,  the  rubber  is  found  to  be  negatively  electrified ; 
and  while  the  resin  is  negatively  electrified,  the  skin 
with  which  it  is  rubbed  is  positively  electrilied.  This 
is  often  difficult  to  show,  because  the  electricity  of  the 
rubber  may  be  conducted  away  through  the  body  to 
the  ground. 
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The  nature  of  the  electricity  developed  by  friction 
depends  on  the  rubber  as  well  as  on  the  nature  of  the 
thing  rubbed.  Glass  receives  a  positive  charge  when 
rubbed  with  silk,  but  a  negative  charge  when  rubbed 
with  cat-skin.  Thus  the  same  body  may  be  either 
positively  or  negatively  electrified. 

Idioelectrics  and  aiielectrics.— It  was  at 
first  supposed  that  only  certain  bodies,  like  resin, 
shellac,  wax,  sulphur,  guttapercha,  leather,  glass,  silk, 
etc.,  could  be  electrified,  and  they  were  called  idio- 
electrics. Metals,  carbon  or  coal,  water,  watery  saline 
solutions,  etc.,  could  not,  it  was  believed,  be  electrified, 
and  they  were,  therefore,  called  anelectrics. 

Nou-coiiductors  and  conductors   are  the 
terms  now  used  which  correspond  to  idioelectrics  and 
anelectrics.      They  indicate   the   real  facts.  Idio- 
'' electrics  are  really  bodies  which  retain  the  electricity 
with  which  they  are  charged  at  the  place  where  it  has 
been  received.    Thus  only  the  part  of  the  glass  or  wax 
that  has  been  rubbed  is  electrified.    In  other  words, 
the  electricity  is  not  diffused  over  the  surface  of  glass 
or  wax  because  they  are  non-conductors.  Anelectrics 
can  be  electrified  ;  but,  as  soon  as  the  electricity  has 
been  generated,  it  is  conducted  away  over  the  whole 
surface  of  the  body,  and  thus  becomes  dissipated. 
Even  the  term  "  non-conductor  "  is  not  strictly  accu- 
rate, because  no  body  is  an  absolute  non-conductor. 
Some  bodies,  however,  conduct  very  badly,  and  they 
retain  the  electricity  ;  other  bodies  condiict  very  well, 
and  therefore  electricity  disaj^pears  as  soon  as  it  is 
developed  on  the  surface.     Suppose,  however,  a  bar  of 
metal  is  united  to  a  bad  conductor,  say  a  rod  of  glass. 
If  then  the  metal,  held  by  its  glass  support,  be  rubbed 
vigorously,  electricity  will  be  produced,  and  will  diffuse 
its^elf  over  the  whole  metal  surface ;  but  tlie  intervention 
of  the  glass  rod  will  prevent  further  escape,  and  the 
usual  signs  of  electrification  will  llicn  be  obtained. 
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A  bad  conductor,  when  united  in  this  way  to  a  good  con- 
ductor to  prevent  the  escape  of  the  electricit}',  is  called 
an  INSULATOR.  The  best  conductors  are  the  metals, 
and  following  them  are  carbon,  plumbago,  acids,  saline 
solutions,  animal  fluids,  water,  animal  and  vegetable 
tissues,  and  moist  stones  and  earth.  The  best  insulators 
(bad  or  non-conductors)  are  shellac,  amber,  resins,  wax, 
glass,  ebonite,  guttapercha,  silk,  wool,  feathers,  porce- 
lain, paper,  oils,  dry  air,  and  wood.  The  human  body  is 
a  good  conductor,  dry  air  a  bad  one.  It  is  difficult  to 
perform  electrical  experiments  in  an  atmosphere  con- 
taining aqueous  vapour,  because  a  him  of  moisture  is 
deposited  on  the  insulating  supports  of  the  apparatus, 
rendering  the  insulation  imperfect :  hence  the  benefit  in 
damp  weather  of  heating  the  apparatus  just  before  use. 

It  is  also  in  virtue  of  the  fluid  which  it  contains 
that  the  human  body  is  a  conductor,  water  being  a 
good  conductor.  A  charged  body  in  a  current  of  air 
slowly  loses  its  electricity  by  convection.  Particles  of 
the  air  coming  in  contact  with  the  body  receive  a 
charge,  and  pass  on,  to  be  succeeded  by  other  particles, 
each  of  which  also  carries  olf  its  portion,  till  the  whole 
charge  is  thus  dissipated. 

The  laws  of  electrical  attraction  and  re- 
pulsion are  as  follows  : 

(1)  Like  electricities  repel  one  another. 

(2)  Unlike  electricities  attract  one  another. 

(3)  The  force  of  attraction  or  repulsion  varies 
mversely  as  the  square  of  the  distance  between  the 
two  electrified  bodies,  and  directly  as  the  amount  of 
charge  of  the  two  bodies. 

Electricity  accumrgiated  solely  on  the  sur- 
face of  conductors.— If  the  body  have  a  spherical 
surface,  the  electrical  layer  is  equal  at  all  points  of 
the  surface ;  that  is,  is  of  uniform  density,  density 
bemg  the  thickness  of  the  layer  of  electricity.  If, 
however,  the  conductor  be  an  ellipsoid,  the  electricity 
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accumulates  in  greater  amount  at  the  pointed  ex- 
tremities.   Suppose  one  of  these  ends  to  be  extremely 
pointed,  then  the  accumulation  may  be  so  great  that  j 
the  electricity  tends  to  pass  off  from  the  conductor  \ 
into  the  atmosphere.    In  other  words,  the  tension  at 
that  point  will  be  considerable. 

Induction  is  the  term  applied  to  the  influence 
exerted  by  electrified  upon  unelectrified  bodies. 
Suppose  two  conductors  (Fig.  2)  s  and  ab,  both  in- 
sulated by  being 
mounted  on  glass 
stands,  to  be 
brought  near  to 
one  another,  s 
having  received 
a  charge  of  posi- 
tive electricity, 
and  AB  being  un- 
charged. Suppose 
AB  to  have  attach- 
ed to   it  three 

Fig.  3.— Induction.  ELEC TROSCOPES 

a  dh      They  consist  of  a  metallic  stem  fixed  by 
metaliic  contact  to  the  conductor  ;  and  from  the  upper 
end  of  each  stem  there  hangs  a  pith-baU  suspended 
by  a  linen  thread.    When  ab  is  unelectrified,  the 
pith-balls  are  in  contact  with  the  stems  from  which 
they  hang.    Should  the  conductor  become  charged 
the  pith-balls  will  also  become  charged  by  contact,  and 
since,  then,  the  stem  and  the  pith-ba  1  are  charged 
with  similar  electricity,  they  will  repel  one  another 
The  divergence  of  the  pith-ball,  therefore,  indicates  that 
the  conductor  has  received  a  charge.    The  conductor 
being  charged,  is  brought  into  the  neighbourhood  of 
AB  uncharged.     At  once  the  electroscopes  indicate 
the  electrification  of  AB.    Remove  s,  and  the  signs  of 
ab's  electrification  disappear;  again  bring  s  neai, 
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they  reappear.  That  is  to  say,  the  charged  conductor 
s  has  by  its  influence  decomposed  the  neutral  elec- 
tricity of  AB.  Since  unlike  electricities  attract,  s  being 
charged  positively,  negative  electricity  will  be  at- 
tracted to  the  end  A,  while  the  negative  electricity  of 
AB  will  be  repelled  to  the  end  B.  At  a  place  near  the 
centre  there  will  be  a  neutral  zone.  The  neutral  zone 
will  be  on  the  A  side  of  the  centre,  because,  owing  to 
the  difference  of  distance,  negative  electricity  will  be 
more  strongly  attracted  towards  A  than  positive  re- 
pelled to  B.  As  soon  as  the  influence  of  B  is  removed, 
the  separated  electricities  re-combine.  This  pheno- 
menon is  called  induction,  or  electrification  by  in- 
fluence. If,  while  s  is  in  the  neighbourhood  of  AB, 
connection  between  the  earth  and  ab  be  made,  say 
by  touching  ab  with  the  finger,  the  repelled  electricity 
( -|- ),  being  free,  will  escape.  The  negative  electricity 
will  remain  attracted,  and  the  pith-balls  Avill  collapse, 
indicating  the  absence  of  free  electricity.  If  now, 
AB  being  again  insulated,  s  be  removed,  the  bound 
electricity  will  become  free,  and  the  pith-balls  will 
again  diverge,  ab  will  thus  have  received  by  in- 
duction a  charge  of  negative  electricity. 

It  is  by  induction  that  an  electrified  body  attracts 
one  unelectrified.  It  induces  opposite  electricity  to 
its  o^vn  on  the  end  near  to  it,  and  the  two  unlike  elec- 
tricities attract  one  another.  The  similar  electricity  is 
repelled  to  the  end  farthest  from  the  electrified  body ; 
and  as  the  repellent  force  has  thus  to  act  through  a 
greater  distance,  the  attractive  power  has  the  advantage. 

The  gold-leal"  electroscope,  for  indicating  the 
presence  and  kind  of  electricity  in  any  body,  has  been 
constructed  by  taking  advantage  of  the  fact  of  indiic- 
tion.  It  consists  of  a  metallic  stem  no  (Fig.  3),  from 
one  end  of  which  hang,  parallel  to  one  another,  two 
very  fine  gold  leaves  a  b.  The  other  end  terminates 
in  a  metallic  knob.    The  rod  is  fixed  in  the  tube  of  a 
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glass  shade,  which  rests  on  a  metallic  support.  It  is 
used  in  the  following  way :  If  a  charged  body  be 
brought  near,  by  induction  the  neutral  fluid  of  the  rod 
and  leaves  is  decomposed,  and  the  kind  of  electricity 
opposite  to  that  of  the  charged  body  is 
driven  into  the  leaves,  which  diverge. 
This  shows  that  the  body  brought  near 
is  charged.  In  this  condition  touch 
the  kuob  b  with  a  finger,  contact  is 
made  with  the  ground  and  the  free 
electricity  {i.e.  that  of  the  leaves) 
escapes,  and  the  leaves  collapse. 

Now  remove  the  finger  from 
the  knob,  and  take  away  next 
the  charged  body.  The  electricity 
kept  bound  by  the  presence  of  the 
charged  body,  and  of  the  opposite 
free,   and  difi'uses  itself  over 


Pig.  3.— Gold-leaf 
Electroscope. 


kind   to  it,  is  now 

the  knob,  rod,  and  leaves,  which  last  agam  diverge. 
To  discover  with  what  kind  of  electricity  the  inducing 
body  was  charged,  bring  an  electrified  glass  rod  (+) 
near  the  knob.  If  the  leaves  diverge  still  more, 
because  like  electricities  repel,  it  is  positive  electricity 
that  is  in  the  electroscope,  and  then  it  must  have 
been  electricity  of  the  opposite  kind  (-)  with  which 
the  body  was  charged.  It  is  necessary  to  approach 
the  glass  rod  (or  resin,  if  it  be  used)  slowly,  and  to 
accept  the  first  movement  made  by  the  leaves  as  the 
required  indication. 

Electrical  inacliincs. — The  electropiiorus 
(Fig.  4)  is  also  an  instrument  acting  by  induction. 
It  consists  of  a  cake  of  resin  or  ebonite,  etc.,  b,  fitted 
into  a  metallic  mould,  and  of  a  metal  disc  a  smaller 
than  B,  so  as  to  rest  upon  it,  and  provided  with  an 
insulating  handle  of  glass.  The  resin,  havmg  been 
warmed,  is  beaten  with  a  cat-skin,  which  develops  - 
electricity.    The  metal  disc,  called  the  cover,  is  then 
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placed  oil  the  resin,  which,  owing  to  its  non-con- 
ductivity, is  still  able  to  retain  its  —  charge.  It, 
however,  by  induction,  decomposes  the  neutral  elec- 
tricity of  the  cover,  and  attracts  positive  electricity  to 
the  surface  of  the  cover  in  contact  with  it,  repelling 
negative  to  the  upper 
surface.  The  elec- 
tricity of  the  upper 
surface  can  now  be 
withdrawn  by  touch- 
ing it  with  the  finger. 
If,  then,  tlie  cover  be 
lifted  by  its  glass 
handle,  it  is  found 
to  have  a  charge  of 
+  electricity  which 
will  give  a  consider- 
able spark.  The 
process  can  then  be 
repeated,  because  the 
resin  retains  its 
negative  charge  for  a  ^ig.  4..-Eiectrophorus. 

long  time. 

Frictional  macliincs  are  constructed  usually 
of  discs  of  glass,  which  are  caused  to  revolve  by  a 
handle,  and  in  their  revolution  are  rubbed  by  cushions 
pushed  against  them.  The  friction  develops  + 
electricity  on  the  glass  and  —  electricity  on  the 
rubber.  A  chain  leads  from  the  cushion  to  conduct 
off  the  negative  electricity  into  the  earth.  Metallic 
points,  brought  near  to  the  surface  of  the  glass, 
conduct  off  its  positive  charge  to  large  metal  cylinders, 
called  the  ]irinie  conductors.  The  conductors  are 
insulated,  and  soon  become  highly  charged  with  the 
electricity  developed  by  the  friction.  The  rubbers  are 
usually  coated  with  an  anialgani. 

In  Iloltz'  inacliiiio  (Fig.  5)  the  electricity  is 
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developed  by  induction.  A  and  b  are  two  plates  of 
glass  distant  three  millimetres  from  one  another; 
A  is  fixed,  and  B  is  movable  on  an  axis  revolved  by 
pulleys  with  great  speed.  In  a  are  two  oval  windows, 
at  the  extremities  of  the  same  diameter,  represented 


A 


Fig.  5.— Holtz'  Electrical  Machine. 


unshaded  in  the  figure.  On  the  back  of  a,  under  the 
window  of  one  side,  and  above  that  of  the  other,  is 
pasted  a  piece  of  paper  /  /,  called  an  armature, 
from  which  a  tongue  of  cardboard  projects  through  the 
window  towards  plate  B.  The  glass  jjlates,  paper,  and 
tongues,  are  covered  with  a  coating  of  shellac  varnish. 
Opposite  each  armature,  but  separated  from  it  by  the 
revolving  plate  b,  is  a  row  of  brass  points  connected 
with  an  insulated  conductor.  To  work  the  machine 
one  armature  is  electrified  by  excited  vidcanite  or 
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seaHng  wax,  and  the  dischai'ging  rods  n  m  connected 
with  the  conductors,  are  brought  into  contact.  This 
armature  induces  positive  electricity  on  the  surface  oi 
the  glass  plate  next  to  it,  and  negative  electricity  on 
the  surface  opposite  the  brass  points.  The  —  elec- 
tricity of  the  glass  causes  the  brass  points  to  discharge 
+  electricity  on  to  the  glass,  and  so  to  become  nega- 
tively charged.  The  glass  plate  is  now  turned,  and, 
when  the  part  positively  charged  from  the  brass 
points  comes  opposite  the  second  armature,  it  charges 
it  positively,  and  induces  the  opposite  brass  points  to 
discharge  -  electricity  and  to  remain  positively 
charged.  The  portion  of  the  plate,  now  negatively 
charged,  still  bemg  revolved,  returns  to  the  first 
armature,  increases  its  —  charge,  and  so  heightens  its 
inductive  action.  The  knobs  n  m  in  connection  with 
the  brass  points,  are  thus  charged,  the  one  with 
the  other  with  —  electricity.  On  the  knobs  being 
separated,  and  the  plate  rapidly  turned,  a  series  of 
sparks  dart  across  from  one  knob  to  the  other. 

Condensers  are  instruments  for  concentrating 
a  large  quantity  of  electricity  on  a  small  surface,  an 
action  also  effected  by  induction.  The  Leyden  jar  is 
the  best  example.  It  consists  of  a 
glass  jar  or  bottle,  coated  inside 
and  outside  with  tinfoil,  up  to  a 
few  inches  from  the  neck.  The 
mouth  is  stopped  with  a  cork  or 
a  plug  of  hard  wood,  in  which  is 
fixed  a  metal  rod,  terminating  out- 
side in  a  knob,  and  having  a 
chain  hanging  from  it  inside  ^jg.  e.— Leydon  Jar. 
and  touching  the  inner  liaing 
of  tinfoil.  The  jar  is  charged  by  comiecting  the 
outer  coat  with  the  ground,  as,  also,  by  holding  it  so 
that  the  hand  touches  that  coating,  and  presenting  the 
knob  to  the  conductor  of  a  friction  machine.    If  the 
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knob  receive  positive  electricity,  the  inner  coating  will 
be  positively  cliai-ged.  Acting  inductively  through 
the  glass,  it  will  decompose  the  neutral  electricity  of  the 
outer  coat,  repel  the  positive  through  the  hand  to  the 
ground,  and  attract  the  negative.  The  presence  of 
this  negative  electricity  on  the  outer  coat  will  allow 
more  positive  to  be  given  to  the  inner  coat,  which  in 
its  turn  will  attract  more  negative  to  the  outer,  and 
so  on.  Thus,  in  virtue  of  the  inductive  action  of 
the  two  coats  on  one  another  through  the  glass  jar, 
a  much  greater  charge  can  be  accumulated  than  on 
any  one  coating  beyojid  the  influence  of  the  other. 
To  discharge  the  jar  at  once  it  is  only  necessary  to 
connect  the  two  coatings  by  the  discharger,  as  shown 
in  the  figure.  To  discharge  the  jar  slowly,  insulate  it 
it  by  placing  it  on  a  stool  with  glass  legs,  then  touch 
with  the  finger  first  the  outer  coating  and  then  the 
knob.  At  each  touch  a  slight  spark  is  seen.  This 
may  be  continued  for  some  time  before  the  charge  is 
dissipated.  The  jar  was  first  made  in  the  town  of 
Leyden,  its  discovery  being  due  to  Cuneus,  a  pupil  of 
Muschenbroeck.  It  is  also  called  Kleist's  jar.  Kleist 
was  a  prebendary  of  Cammin,  in  Pomerania,  and  is 
said  to  have  invented  the  jar  independently  of 
Cuneus,  and  a  year  before  him,  viz.  in  1745.  A 
shock  may  be  given  from  a  charged  jar  to  several 
people  if  they  join  ha,nds  and  if  the  last  one  touches 
the  outer  coating  while  the  first  one  seizes  the  knob. 

An  electric  battery  may  be  formed  by  placing 
a  number  of  Leyden  jars  in  a  box  lined  with  tinfoil, 
so  that  their  outer  coatings  are  in  contact  The  tin- 
foil should  be  in  metallic  contact  with  the  metallic 
handle  of  the  box,  from  which  a  chain  should  pass  to 
the  water-pipes  of  the  house  to  give  a  good  earth 
connection.  The  knobs  of  the  jars  are  all  connected 
by  brass  rods.  The  battery  can  then  be  charged  from 
the  conductor  of  a  frictional  machine. 


CHAPTER  II. 


CURRENT  ELECTRICITY. 

Potential. — When  two  metals  are  placed  in  con- 
tact thei-e  ensues  a  disturbance  of  their  electrical 
cquilibriuni.  This  disturbance  is  called  a  "  difference 
of  potential."  Thus,  when  zinc  is  placed  in  contact 
with  copper,  or  silver,  or  platinum,  etc.,  this  difference 
results,  the  zinc  being  at  the  higher  potential,  and  the 
copper,  silver,  or  platinum  at  the  lower.  "  Potential " 
may  be  compared  to  "  level."  Water  at  a  high  level 
inevitably  tends  to  seek  the  lowest  level  ;  and,  con- 
sequently, if  it  can  find  a  channel,  there  will  ensue  a 
flow  until  the  place  of  zero  has  been  reached.  While 
the  water  is  at  the  high  level  it  has  the  power  of  per- 
forming work,  i.e.  it  has  "potential."  In  passing 
from  the  higher  to  the  lower  level  the  water  may  per- 
form work,  but  when  it  reaches  the  lowest  level  it  has 
lost  all  power  of  doing  work,  and  is  at  zero  of  potential. 
Similarly  when  two  bodies  have  different  electric 
potentials,  or  two  parts  of  the  same  body  are  at 
different  potentials,  there  is  a  tendency  for  a  move- 
ment from  the  place  of  high  to  tliatof  lower  potential. 
This  movement  is  the  so-called  electric  current,  and  it 
is  for  the  purpose  of  bringing  both  bodies  to  the  same 
potential.  In  the  passage  from  a  higher  to  a  lower 
potential  work  can  be  done.  In  fact,'"t]ie  "  difference 
of  potential "  is  estimated  by  the  amount  of  work 
done  in  carrying  each  unit  of  electricity  from  the  one 
position  to  the  otlier.  li  ii  7ieces.sary  to  observe  that 
though  the  phrase  "current  of  electricity,"  and  the 
simile  of  water  at  different  levels,  have  been  used,  they 
are  not  meant  to  imjfly  an   actual  transference  of 


14 


Physiological  Physics.         [Chap.  ii. 


particles  from  one  place  to  another.  These  are  simply 
ways  of  representing  to  the  mind  what  is  yet  not 
thoroughly  understood,  and  what,  in  the  present  state 
of  our  knowledge  regarding  electricity,  would  not 
without  them  be  readily  understood. 

Voltaic  pile  Up  to  the  year  1800  there  was  no 

method,  apart  from  friction,  for  the 
development  of  el  ectricity.    In  1 7  9 1 
Galvani  of  Bologna  ha'd  announced 
his  theory  of  animal  electricity,  based 
on  his  discovery  that  when,  by  means 
of  a  metallic  arc  made  half  of  copper 
and  half  of  zinc,  a  circuit  was  esta- 
blished between  the  lumbar  nerves  of 
a  newly  killed  frog  and  the  crural 
muscles,  contraction  of  the  muscles 
resulted.    Volta  of  Pa-\da  rejected 
Galvani's  explanation,  and  asserted 
the  contractions  to  be  caused  by 
stimulation,  due  to  the  development 
of  electricity  by  contact  of  dissimilar 
metals,  the  moist  tissues  of  the  frog 
affording  merely  a  means  of  com- 
pleting the  circuit.    In  proof  of  his 
view  Volta  constructed  tlie  voltaic 
PILE  (Fig.  7).     It  is  formed  of  a 
series  of  discs  of  copper  and  zinc, 
supported  on  an  insulating  column 
of    glass.     The  4p^vest  disc_is_j)f 
i  copper,  above  it  isa~3isc  of  zinc, 
P  tlien  a  disc  of  cloth  moistened  with 
acidulated  water  or  salt  solution. 
Following  in  the  same  order  are 
alternate  discs  of  copper  and  ziiic, 
succeeded  by  the  layer  of  moist  cloth,  to  any  number 
that  pleases,  the  topmost  disc  being  of  zinc  in  contact 
with  a  disc  of  copper.     The  whole  pillar  is  supported 
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in  a  frame.  The  lower  end  of  the  pile  Volfca  showed 
to  be  charged  with  negative,  the  upper  with  positive 
electricity. 

A  copper  wire  is  attached  to  the  lower  copper  and 
another  to  the  upper  zinc.  These  form  the  two  poles 
of  the  pile.  On  connecting  them  there  is  a  flow  of  elec- 
tricity through  the  wires.  Volta  believed  the  difierence 
of  potential  causing  the  current  to  be  due  to  the  con- 
tact between  the  zinc  and  the  copper,  the  moist  cloth 
playing  no  essential  pai-t  in  the  process,  but  simply 
acting  as  a  conductor.  It  soon  became  evident  that 
the  disengagement  of  electricity  in  the  pile  was  not 
due  only  to  the  contact  between  the  lower  copper  disc 
and  the  zinc  above  it,  but  also  to  chemical  action,  due  to 
the  presence  of  the  moist  cloth  between  the  zinc  on  one 
side  and  the  copper  on  the  other,  the  acid  or  saline  solu- 
tion of  the  cloth  attacking  the  copper  and  zinc  unequally. 
Thus,  in  the  pile  as  originally  constructed  by  Volta  (in 
which,  beginning  from  below,  there  is  a  disc  of  copper 
and  then  of  zinc  followed  by  moist  cloth  and  again 
copper)  there  is  no  need  for  the  lowermost  copper, 
which  acts  merely  as  a  conductor,  the  actual  begin- 
ning of  the  pile  being  at  the  second  disc,  viz.  the 
zinc.  Similarly  at  the  top  of  the  original  pile  (which, 
beginning  from  above,  is  as  follows :  zinc,  copper, 
moist  cloth,  zinc)  it  is  evident  that  the  copper,  cloth, 
and  zinc  form  the  last  of  the  series  of  which  the 
pile  is  made,  and  that,  therefore,  the  topmost  zinc,  is 
useless.  Thus,  beginning  from  the  insulating  column 
of  glass  the  pile  would  consist  of  zinc,  moistened 
cloth,  copper,  zinc,  moistened  cloth,  copper^  in  regular 
order  to  the  top,  the  lowest  disc  being  zinc,  the 
uppermost  coppei-.  The  lower  part  would  then  be 
chai-ged  with  — ,  the  upper  with  -f-  electricity,  and  a 
wire  from  the  last  zinc  would  be  the  negative  pole, 
one  from  the  top  copper  the  positive. 

Naturally  enougli  the  view  that  the  development 
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of  electricity  in  the  voltaic  pile  was  due  to  the  unequal 
action  of  a  chemical  agent  on  two  diissimilar  metals 
gave  rise  to  the  voltaic  element. 

Voltaic  couple,  element,  or  cell. — (Fig.  8.) 
A  plate  of  zinc  z  and  one  of  copper  c  are  plunged 
into  a  vessel,  three-fourths  filled  with  diluted  sul- 
phuric acid  L  (1  acid  to  7  water).  The  metals  must 
not  touch  one  another.  The  sulphuric  acid  acts  upon 
the  zinc,  pi'oducing  sulphate  of  zinc  and  liberating 
hj'drogen,  as  expressed  in  the  formula 

Zn  +  H.3S04  =  ZnSoj  +  H.,. 

The  hydrogen  collects  in  bubbles  on  the  copper  plate. 
With  such  a  combination  it  is  found  that  the  zinc 
plate  is  at  a  higher  potential  than 
the  copper ;  but,  so  long  as  the 
metals  remain  unconnected,  no  cur- 
rent is  present.  On  connecting  the 
parts  of  the  plates  projecting  above 
the  liquid,  which  are  called  the  poles, 
by  means  of  a  copper  wire  E  a 
current  flows  from  the  plate  of 
higher  potential  through  the  liquid 
to  that  of  lower  potential.  In  the 
liquid,  therefore,  the  current  passes 
from  zinc  to  copper,  outside  of  the 
liquid  from  copper  to  zinc.  Thus, 
though  the  copper  is  the  plate  least 
acted  on,  its  pole  is  called  ]iositive, 
because  the  direction  of  the  current  is  from  it  to  the 
zinc  pole.  Properly  speaking,  the  diflerence  of  poten- 
tial is  not  limited  to  that  between  zinc  and  copper. 
There  is  a  difference  between  the  zinc  plate  and  the 
liquid  in  contact  with  it,  a  difference  between  the 
liquid  in  contact  with  the  copper  plate  and  the  copper 
plate;  and,  again,  a  difference  between  the  copper 
wire  in  connection  with  the  copper  plate  and  the  zinc 
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plate  which  it  joins.  In  one  case  the  difference  may- 
be a  +  quantity,  in  another  a  —  quantity ;  but  the 
sum  of  the  differences  gives  what  is  called  the  electro- 
motive force  of  the  element. 

In  the  element,  the  chemical  changes  going  on 
between  the  plates  and  the  liquid  are  the  source  of 
the  energy  wiiich  enables  the  element  to  do  work ; 
that  is,  the  energy  of  the  element  may  be  measured 
by  the  chemical  decompositions  going  on  in  it. 

Electromotive  force  is  another  phrase  for 
"difference  of  potential."  For  measuring  electro- 
motive force  a  standard  is  adopted,  just  as  for 
measuring  the  weight  of  a  body  a  standard,  viz.  the 
pound,  is  employed.  The  standard  or  unit  of  electro- 
motive force  is  called  the  volt,  after  Volta.  It  is  said 
to  be  -9268  of  the  electromotive  force  given  by  a 
Daniell  celL  {See  page  19.)  That  is  to  say,  a  Daniell 
gives  1-079  volts. 

Poles,  or  electrodes — It  has  been  noted  that 
the  part  of  the  metallic  plates  projecting  above  the 
fluid  of  the  element  is  termed  the  pole,  positive  or 
negative  as  the  case  may  be.  If  wires  be  attached  to 
these  parts  for  conducting  the  electricity  to  some 
distance  they  are  also  called  poles  (-f-  or  — ).  They 
are  also  termed  electrodes  (^/Ae/crpoy  and  o5bs,  a  way) 
because  they  are  the  pathways  along  which  the 
electricity  travels.  The  wires  used  may  be  made 
of  any  length  so  as  to  convey  the  electricity  to  a 
distance  from  the  place  of  genei-ation.  They  must,  of 
course,  be  made  of  good  conductors.  Copper  is  a  good 
conductor,  and  is  preferred  for  its  cheapness.  The 
electrodes  are  usually  protected  by  a  coating  of  cotton, 
thread,  silk,  or  guttapercha,  all  of  which  are  ""insulators, 
and  prevent  the  electricity  being  led  off  by  contact 
with  other  bodies. 

Polarisation  of  plates  It  has  been  already 

noted  that  in  the  voltaic  element  hydrogen  is  liberated. 
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The  gas  settles  in  minute  bubbles  upon  the  surface  of 
the  copper  plate,  and  at  once  interferes  with  the 
action  in  the  battery.     It  interferes  both  by  the  resis- 
tance it  offers  to  the  passage  of  the  current  and  also 
by  setting  up  a  current  in  an  opposite  direction, 
which  tends   to  weaken    the   original    current  by 
neutralisation.    This  action  is  called  polarisation  ot 
the  plates.    Besides  this,  in  such  an  element  some  oi 
the  sulphate  of   zinc  produced  in   the  element  is 
attacked  by  the  hydrogen,  and  deposited  on  the  copper 
plate.    So  that  the  copper  plate  begins  to  approacti 
the  condition  of  the  zinc  plate,  and,  of  course  the 
difference  of  potential  becomes  reduced.    In  all  these 
ways  the  current  is  diminished.    Thus  such  un  ele- 
ment is  not  of  constant  strength,  but  rapidly  gets 
weakened.   To  meet  these  difficulties  various  elements 
have  been  devised,  which  have  been  called,  therefoi;e, 
constant  elements.    Some  of  these  will  be  immediately 

described.  ^         ,    ,        j.     •  4„ 

Amalgamated  zinc — In  most  elements  zmc  is 
one  of  the  metals  employed.    Chemically  pure  zinc 
is,  however,  very  dear,  and  impure  zmc  is  ^n<^q"^l  7 
attacked    by  acid.     The  impure  zinc  gets  quickly 
eaten  through  with  holes,  and,  by  this,  local  currents 
ar    produced  in  the  zinc  plate  itself,  .diich  interfere 
wfth  the  main  current.     To  rectify  this,  ordui^iry 
Tolled  zmc  is  employed,  but  before  use  i    is  amalga- 
mated in  the  following  way  :  It  is  first  washed  with  the 
Suute  sulphuric  acid  (1  to  7)  to  get  a  bright  surface, 
a     then  rubbed  all  over  with  mercury.  The  meixury 
forms  a  briglit  coating  all  over  the  surface  Thus 
coated    the  '^inc  is  not  attacked  by  the  dilute  acid, 
uits  connection  is  made  between  it  and  the  other 
me  al  of  the  element,  or,  in  other  words,  unless  the 
c  rcu  t  i   closed.    Local  currents  are  thus  pre^'ented. 
Where  zinc  is  mentioned  as  part  of  an  element,  it  is 
understood  to  be  amalgamated. 
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Danioll's  clcinciit  (Fig.  9)  was  the  first  constant 
element,  and  was  devised  in  1836.    It  consists  of  an 
outer  vessel  of  glass  or  glazed  earthenware,  in  which 
is  placed  a  cylinder  of  copper  c,  perforated  with 
holes,  and  open  at  both  ends.    A  saturated  solution 
of  sulphate  of  copper  is  placed  in  the  outer  vessel. 
Within  the  copper  cylinder  is  placed  a  vessel  of 
porous    earthenware    p,   which  contains  dilute  sul- 
phuric   acid,    having  im- 
mersed in  it  a  cylinder  of 
zinc  z.    The  porous  vessel 
thus  marks  off  an  outer 
and    inner  compartment, 
while,    being    porous,  it 
jaermits  communication  be- 
tween the  two.    When  the 
element  is  in  action,  the 
acid    attacks   the    zinc  of 
the    inner  compartment, 
produces  sulphate  of  zinc, 
and     liberates  hydrogen. 
The  hydrogen  passing  into 
the  outer  compartment  re- 
duces the  copper  sulphate, 
and  deposits  metallic  copper  on  the  copper  cylinder, 
which  is  thereby  kept  always  bright.    By  this'decom- 
])Osition,  the  hydrogen  forms  sulphuric  acid,  whicli  re- 
])laces  that  used  in  the  inner  compartment.    The  sul- 
phate of  copper  is  thus  the  only  thing  used  up.  To 
replace  it,  the  copper  cylinder  is  supplied  with  a  small 
shelf  o,  on  which  crystals  of  the  copper  salt  rest. 
Tiie  fluid  reaches  up  to  the  shelf;  the  ciystals  are  dis- 
solved as  required,  and  thus  the  strength  of  the  solu- 
tion is  maintained.    Let  it  be  noted  how  polarisation, 
the  cause  of   the  inconstancy  of  elements,   is  got 
lid  of  in  this  case:  (1)  Tlie  copper  is  kept  clean 
and  fresh  by  deposition  from  tlic  sul]ihatc  of  cop]ier 


Fig.  9.— Daniell's  Element. 
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solution;  and  (2)  the  deposition  of  the  hydrogen 
film  is  prevented  by  the  recomposition  of  the  liberated 
H  to  form  sulphuric  acid.  The  Daniell  is,  by  these 
means,  one  of  the  most  constant  of  elements.  When 
in  good  condition,  the  element  may  be  worked  for 
hours  without  producing  any  amount  of  variation 
of  current.  It  is,  therefore,  specially  valuable  for 
physiological  purposes,  where  comparative  experiments 
are  being  made,  and  a  uniform  strength  of  current  is 
necessary.  Usually,  instead  of  having  an  outer  glass 
vessel,  a  vessel  of  copper  is  taken,  which  contains 
the  copper  solution,  and  is  provided  with  a  copper  shelf. 
All  that  is  further  necessary  is  the  porous  cell,  as  an 
inner  compartment,  with  its  cylinder  of  zinc  and  acid. 

Copper  is  +  pole,  zinc  - . 

A  neAV  form  of  Daniell,  called  the  "gravity 
element,"  depends  on  the  difference  in  the  density  of 
the  two  fluids  for  keepmg  them  separate.  An  earthen- 
ware vessel  is  taken,  and  in  the  bottom  is  laid  a  disc 
of  copper,  on  which  is  poured  a  saturated  solution 
of  copper  sulphate.  Suspended  by  catches  from  the 
top  of  the  vessel  is  a  sort  of  grating  of  zinc,  which  is 
covered  bv  a  solution  of  ziiic  sulphate.  In  the  jar 
there  are  "thus  two  layers  of  fluid,  one  the  layer  of 
copper  solution  at  the  bottom,  and  above  it  the  layer 
of  zinc  solution,  and  the  difference  in  the  density 
prevents  them  mixing.  The  zinc  grating  is  at  the 
surface  of  the  uppermost  fluid,  and  it  has  in  its  centre 
a  small  opening  through  which  crystals  of  copper 
sulphate  can  be  dropped  to  maintain  the  strength 
of  the  lower  stratum.  One  pole  (-)  comes  ofl  from 
the  zinc;  the  +  pole  is  an  insulated  wire,  which 
passes  througli  the  liquid  and  is  soldered  to  the  copper 
plate  All  that  is  required  to  maintain  the  element 
is  occasionally  to  drop  a  few  crystals  of  copper  into 
the  solution,  and  to  pour  a  little  water  on  to  tlie 
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grating  to  keep  np  the  level  of  the  fluid,  and  to  main- 
tain the  dilution  of  the  upper  stratum. 

In  Snice's  clcnieut  the  metals  are  zinc  and 
platinum,  or  platinised  silver.  Two  plates  of  zinc  are 
clamped  on  a  wooden  frame,  and  the  platinum,  which 
is  roughened  by  being  covered  with  a  deposit  of  finely 
divided  platinum,  is  fixed  between  them,  being  kept 
from  touching  by  the  frame.  Thus  both  sides  of  the 
platinum  are  used.  Dilute  sulphuric  acid  is  the  liquid. 
The  action  is  the  same  as  that  described  in  the  voltaic 
element,  only  the  platinum  presents  a  surface  from 
which  the  hydrogen  bubbles  can  be  more  readily  dis- 
engaged, and  so  polarisation  is  mechanically  prevented. 

The  platinum  is  -I-  pole,  and  zinc  — . 

Grove's  element  has  two  metals  and  two  fluids. 
The  containing  vessel  may  be  of  glass  or  earthenware 
or  ebonite.  It  contains  dilute  sulphuric  acid,  and 
a  cylinder  of  zinc.  An  inner  compartment,  formed 
by  a  porous  cell  placed  inside  the  zinc  roll,  contains 
strong  nitric  acid  and  a  platinum  plate.  {See  Fig.  10, 
Eunsen's  element,  the  construction  of  which  is  similar.) 
The  sulphuric  acid  attacks  the  zinc,  forms  zinc  sul- 
phate, and  liberates  hydrogen,  which  passes  to  the 
inner  compartment,  and  forms  water  at  the  expense 
of  the  nitric  acid,  which  is  reduced  to  nitrous  acid. 
Thus, 

H2SO4  +  Zn  =  ZnS04  +  H„  (1). 
H2  4- HNO3  =  imO„ -i- II.,6  (2). 

Grove's  element  gives  great  power,  but  the  strong 
acids  make  it  unpleasant  to  handle,  antl  the  nitrous 
fumes  given  ofi'  are  extremely  disagreeable  and  irrita- 
ting, and  besides  are  very  injurious  to  instruments. 
The  cells  should,  therefoi'c,  be  kept  in  a  room  or  shed 
apart  from  where  persons  are  working. 

Platinum  is  -f  pule,  zinc  — . 
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B!iuisen''s  element  (Fig.  10)is  similar  to  Grove's, 
the  only  difference  being  that  a  plate  of  carbon,  of  the 
sort  deposited  in  the  necks  of  the  retorts  during 
the  manufacture  of  coal  gas,  is  substituted  for  the 
platinum  in  the  inner  compartment.  This  makes  the 
element  much  less  expensive.  The  chemical  action  is 
the  same. 

Carbon  is  +  pole,  zinc  — . 


Orenet's  element  is  a  single-fluid  cell.  It  is 
also  called  the  bichromate  of  potash  cell.  The  plates 
and  liquid  are  contained  in  a 
wide-mouthed  globe-shaped  bottle 
(Fig.  11).  Two  plates  of  com- 
pressed carbon  c  c  reach  from 
the  cap  to  nearly  the  bottom 
of  the  vessel.  Between  these 
is  a  plate  of  zinc  z,  half  their 
size,  fixed  to  a  rod  which  slides 
up  and  down  through  the  vul- 
canite stopper.  One  binding 
screw  in  the  stopper  com- 
municates with  both  carlions, 
and  another  with  the  zinc.  The 
of  dilute  sulpliuric  acid,  and  a 
of    bichromate  of 


rig.  10.— Buuseu's  Ele- 
ment. 


solution  is  made 
saturated  solution 
potash  (about  4  oz.  of  the  bichromate  to 
20  oz.  of  water).  The  acid  of  the  solu- 
tion attacks  the  zinc,  and  the  liberated 
hydrogen  reduces  the  bichromate  to 
sesquioxide,  wliich  is  deposited  on  the 
zinc.  The  intensity  of  the  current  is 
thereby  diminished.  This  is  remedied 
by  agitation,  which  separates  the  de- 
posit. 

Grcnet's  element  is  not  remarkably 
constant,  but  it  is  very  convenient  to 


Fie.  11.— 
Grenet  s  Cell. 
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work  with,  owing  to  absence  of  fumes.  It  can, 
therefore,  be  allowed  on  the  table  at  which  one  is  at 
work. 

Carbon  is  +  pole,  zinc  — . 

lieclancho's  cell  (Fig.  12)  consists  of  an  outer 
compartment,  containing  a  zinc 
cylinder  z  in  a  solution  of  sal- 
ammoniac.  The  inner  compart- 
ment is  a  porous  cell  t,  tilled 
with  a  mixture  of  powdered 
carbon  and  black  oxide  of 
manganese  (pyi'olusite)  sur- 
rounding a  plate  of  carbon, 
the  mixture  being  moistened 
with  water,  and  the  whole 
usually  being  sealed  up.  The 
cell  has  little  force,  but  remains 
in  good  order  for  a  long  time, 
and  is  specially  useful  for 
electric  bells  and  telegraphic  purposes.  Its  chemical 
action  is  as  follows  : 

2NH3HCI  +  Zn  -f  2M11O.3  =  ZnCL  -(-  Mn.0.5  +  NH3  -f  H.3O. 

That  is,  the  ammonium  chloride  attacks  the  zinc,  and 
the  liberated  ammonia  passing  through  the  porous 
cell  reduces  the  manganese  dioxide  to  sesquioxide. 
Small  openings  in  the  cover  permit  of  the  escape  of 
the  unabsorbed  ammonia. 

Carbon  is  -(-  polo,  zinc  — . 

€iaifl4>'s  cell  is  a  modification  of  a  cell  (with 
the  invention  of  which  are  associated  the  names  of 
Mari(i-Davy,  Warren  de  la  Paie,  and  Pincus)  called 
the  chloride  of  silver  ccsU.  It  consists  of  a  ])late 
of  zinc  z,  and  a  plate  of  fused  chloride  of  silver 
Y.    They  are  contained  in  an  ebonite  vesscil,  with  a 


Fig.  12.— LeckLiiche's 
Element. 
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Pig.  13. — Gaili'e's  Element. 


hermetically-sealed  cover,  through  which  communica 
tion  is  made  by  binding  screws  v  v'.  Little  rubber 
pads  keep  the  plates  of  zinc  and 
silver  from  contact,  the  silver 
being  also  surrounded  by  a 
tube  of  muslin,  while  a  band 
JK  fixes  them.  The  liquid  is 
a  solution  of  chloride  of  sodium. 
By  the  action  of  the  cell  zinc 
chloride  is  formed,  and  sUver  is 
reduced  and  deposited,  in  a 
pulverised  state,  in  the  muslin 
bag.  The  element  is  made  in 
a  portable  form,  the  liquid  not  being  able  to  escape. 
For  recharging,  new  plates  of  zinc  and  silver  are  neces- 
sary. [For  elements  for  medical  purposes,  see  page  150.] 

Silver  is  -(-  pole. 

Suppose  the  electromotive  force  of  a  Daniell's 
element  to  be  represented  by  1,  then  that  of  Grove 
and  Bunsen  would  be  nearly  TS,  while  that  of  Smee 
would  be  less  than  -4. 

Battery.— Several  cells  may  be  united  together, 
as  shown  in  Fig.  14,  to  form  a  battery.  Here  the 
zinc  of  one  element  is 
connected  with  the  copper 
of  another.  There  is 
thus  left,  at  one  end  of 
the  series  an  unoccupied 
copper,  and  at  the  other 
end  an  unoccupied  zinc. 
These  are  the  terminals, 
or  poles,  of  tlie  battery,  copper  being  -f  and  zinc 
— ,  and  wires  ai-e  attached  to  these  for  conducting 
the  electricity  to  the  desired  place.  At  page  28  the 
different  methods  of  connecting  cells  to  form  a  battery 
are  discussed. 


Fig.  14.— Battery. 
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Density,    tension,   and    intensity   of  an 

electric  current. — -The  intensity  of  a  current  i.s  the 
quantity  of  electricity  flowing  through  the  circuit  in 
a  given  time  {i.e.  the  strength  of  the  current),  and 
this  will  depend  upon  the  electromotive  force.  When 
the  circuit  of  an  element  is  closed,  the  electricity  will 
flow  through  the  conductors  or  electrodes  with  greater 
speed  the  greater  the  electromotive  force.  In  a  gal- 
vanic element,  quantity  or  intensity  is  conditioned  by 
the  extent  of  surface  of  the  plates  of  the  cell-;  the 
larger  the  plates  the  greater  the  quantity.  Density 
is  dependent  on  the  quantity  of  electricity  that  flows 
through  a  cross-section  of  a  conductor  in  a  given  time. 
Suppose  the  thickness  of  a  wire  to  be  reduced  to  one- 
half,  the  quantity  (that  is,  the  intensity)  of  the  cur- 
rent flowing  through  it  will  not  be  altered,  but  the 
current  will  be  twice  as  dense  flowing  through  the 
thm  conductor  as  it  was  when  flowing  through  the 
thick  one.  Thus  the  density  is  inversely  proportional 
to  the  cross-section  of  the  conductor  ;  i.e.  tlie  less  the 
cross-section  the  greater  the  density.  Tension  is 
defined  as  an  outward  force  on  the  suri'ounding 
medium,  and  measures  the  tendency  of  the  opposite 
electricities  of  two  dissimilarly  charged  conductors  to 
discharge  across  the  space  intervening  between  them. 
If  the  positive  and  negative  poles  of  an  element  are 
separated  from  one  another  by  a  space,  the  greater 
the  tension  of  the  electricity  the  greater  will  be  the 
ease  with  which  it  will  pass  across  the  space.  The 
greater  the  difference  of  potentials  between  the  con- 
ductors, the  greater  will  be  the  charges,  and  there- 
fore the  greater  the  tension  or  tendency  to  discharge. 
Great  diOerence  of  potentials  can  easily  "be  obtaim-d  by 
means  of  a  frictional  macliinc.  Hence,  sparks  can  bo 
obtained  between  the  terminals  of  sucli  a  machine, 
though  they  are  separated  by  a  distance  of  several 
inches. 
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CHAPTER  III. 

RESISTANCE  OHM'S   LAW  MODES  OF  JOINING  CELLS. 

Resistance.— In  its  course  a  current  meets  with 
obstacles  to  its  flow.*  This  arises  from  the  fact  that 
no  bodies  are  perfect  conductors;  the  greater  the 
conductivity  the  less  the  resistance,  as  it  is  called. 
Metals  are  among  the  best  conductors,  as  ah-eady 
noted,  and  therefore  offer  less  resistance  than  non- 
metals.  Liquids,  specially  saline  solutions,  also  con- 
duct, but  they  always  offer  more  resistance  than 
metals.  Thus,  in  a  cell  or  in  a  battery  fi-om  which 
the  electricity  is  conducted  by  wires  to  some  apparatus, 
there  are  manifestly  two  main  sources  of  resistance. 
There  is,  first,  the  resistance  the  current  experiences 
in  passing  through  the  liquid  of  the  cell  from  one 
plate  to  another.  This  is  the  interned  resistance, 
or  the  resistance  of  the  element.  But  in  passing 
through  the  wires  and  through  the  apparatus  that 
may  be  in  use,  the  current  meets  with  further  resis- 
tance. This  is  the  external  resistance,  or  the  resistance 
of  the  external  fart  of  the  circuit.  Now,  it  is  found 
that  the  internal  resistance  is  inversely  proportional  to 
the  size  of  the  plates  in  the  cell,  and  directly  proportional 
to  their  distance  from  one  another;  i.e.  the  larger 
the  plates  the  less  tlie  resistance,  and  the  greater  tiie 
distance  the  greater  tlie  resistance,  the  conductmg 

*  ThouRli  this  language  is  used,  it  is  Jiot  to  be  supposed  that 
the  dectric  current  .s\.  material  thing,  or  that  resistance  is  offered 
by  material  obstacles.  Part  of  the  energy  of  the  current  is  used 
upTheating  the  conductor,  and  the  enfeeblement  of  the  current 
fi-om  this  cause  comes  under  the  head  of  resistance. 
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power  of  the  liquid  in  the  element  being,  of  course, 
always  the  same.  Taking  now  the  external  resistance, 
it  depends  on  the  conductivity  of  the  conductor, 
which  is  a  constant  quantity  for  each  conductor. 
Apart,  howevei',  from  that,  the  external  resistance  is 
directly  proportional  to  the  length  of  the  conductor, 
and  inversely  jjroportional  to  the  cross-section ;  i.e. 
the  longer  the  conductor  the  greater  the  resistance,  and 
the  thicker  the  conductor  the  less  the  resistance. 

Oliiii^s  law. — There  is  a  relation  between  the 
intensity  of  the  current  and  the  amount  of  resistance. 
Experiment  readily  shows  that  a  current  due  to  a 
definite  difference  of  potentials  between  the  extremi- 
ties of  the  conductor  is  feebler  after  passing  thi'ough  a 
platinum  wire  than  after  passing  through  the  same 
length  of  copper  wire,  because  the  conducting  power 
of  platinum  is  less  than  that  of  copper.  Again,  a  cur- 
rent sent  tlu-ough  a  long  copper  wire  is  feebler  than 
when  sent  through  a  short  one,  and  feebler  when  sent 
through  a  thin  than  when  sent  through  a  thick  one. 
That  is  to  say,  the  intensity  of  the  current  is  diversely 
proportional  to  the  resistance,  and  it  has  been  already 
stated  to  be  directly  proportional  to  the  electromotive 
force.  This  is  the  law  of  Ohm  (so  called  because  the 
character  of  these  relations  was  first  expounded  by 
Dr.  G.  S.  Ohm  in  1827),  and  is  put  thus  : 

„        .  ,  Electromotive  force 

Uurrent  strength  = 


Resistance 

Let  C  stand  for  current  strengtli,  E  for  electro- 
motive force,  and  R  for  resistance,  and  the  formula 
becomes 

E 


But  it  has  been  already  noted  that  there  are  two 
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resistances  ;  so,  letting  R  stand  for  internal  resistance, 
and  putting  r  for  external  resistance,  the  formula  is, 

C-  ^ 

So  that  taking  a  given  cell  whose  electromotive  force 
is  always  the  same,  the  strength  of  current  obtained 
from  it  will  depend  on  the  resistance  that  it  has  to 
overcome,  will  depend,  that  is,  on  the  length  and  thick- 
ness of  the  wire  along  which  it  is  sent,  and  the  nature 
of  the  apparatus  through  which  it  is  conducted.  We 
shall  see  immediately  the  bearing  of  this  law  of  Ohm. 

Modes  of  joining  cells.— There  are  two  ways 
of  joining  cells.  The  positive  pole  of  one  cell  may  be 
joined  to  the  positive  pole  of  the  other,  and  similarly 
the  two  negative  poles  joined.  Where  there  are 
several  cells,  connect  all  the  positive  poles  to  one 
wire  ;  this  wire  will  be  the  posi- 
tive electrode  of  the  battery : 

 then  connect  all  the  negative 

^.        nv/T  «  ■  •        poles  to  one  wire  ;  it  will  be  the 

Pis'.  15. — Mode  of  iomin»    ^        ,  .        ,     ,      ,       mi    4.1,  „j 

Cells  in  "  Multiple  Arc."  negative  electrode,  i  lie  method 
is  "called  joining  in  "multiple 
arc."  Fig.  15  shows  six  cells  so  joined.  The  effect  is 
just  the  same  as  would  have  been  obtained  if,  instead 
of  taking  six  cells,  a  single  cell  had  been  taken  six  times 
the  size  of  one  of  them.  Now,  it  has  been  pointed  out 
(page  26)  tliat  the  internal  resistance  of  a  cell  is  in- 
versely proportional  to  the  size  of  the  plates,  so  that, 
by  multiplying  the  .size  of  the  plates  six  times,  the 
internal  resistance  is  practically  diminished  to  one- 
sixth.  Increased  quantity  of  current  is  therefore  ob- 
tained. Thus,  neglecting  for  a  moment  the  external 
resistance,  according  to  Ohm's  law, 

E  _  6E 

6 
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The  second  method  is  shown  in  Fig.  1 6.  Tlie  positive 
pole  of  one  cell  is  joined  to  the  negative  ])ole  of  the 
other,  and  so  on  through  the  set  of  cells.  This  leaves 
vacant  the  negative  pole  of  the  first  cell  and  the 
positive  pole  of  the  last,  and  wires  joined  to  these  are 
the  electrodes  of  the  battery. 
In  this  case  each  cell  has  its 

own    electromotive   force    and    pjg  le.— Mode  of  joining 
resistance  unafiected,  so  that  the        Cells  in  "  Series." 
total  electromotive  force  of  the 

battery  is  the  sum  of  the  electromotive  forces  of  the 
several  cells  forming  it,  and  the  total  resistance  of  the 
battery  is  the  sum  of  the  resistances  of  the  several 
cells.  Thus, 

6E  _  E 
6R  R 

Thus,  apparently,  no  advantage  as  regards  quantity 
of  current  is  obtained  by  joining  in  series.  Let  us 
now  include  both  internal  and  external  resistances, 
and  see  under  what  circumstances  one  or  other 
method  is  preferable. 
Take  Ohm's  formula, 

as  a  basis,  and  let  us  first  consider  the  results  of 
joining  cells  in  "  multiple  arc." 

1.  Siippo.se  six  cells  to  be  connected  by  a  thick 
wire  to  some  apparatus  that  presents  little  resistance  ; 
that  is  to  say,  let  the  external  resistance  be  so  small 
in  comparison  to  the  internal  that  it  may  be  set  aside. 
r  may  be  considered  as  equal  to  o ;  then,  the  cells 
being  joined  in  multiple  arc, 

r         E       .   ,  p      6E  . 

C  =  ^         ;  but  )•  =  0,  .•.  L  =  — . 

6-+'' 

that  is,  the  current  is  six  times  as  m'oat. 
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2.  Suppose  that  the  external  resistance  is  now 
very  great  in  comparison  witli  the  internal,  which 
can  be  neglected  ;  that  is,  let  R  =  o,  and  connect 
the  six  cells  again  in  multiple  arc,  then 

TT  E 

C=  g^=—  ;  but  R  =  0,  .:  C  =  -  ; 
6 

i.e.  the  current  is  unaffected,  is  no  greater  with  six 
colls  than  with  one. 

To  put  these  results  in  other  words,  supposing 
cells  joined  in  multiple  arc,  (1)  where  there  is  little 
EXTERNAL  RESISTANCE  the  Strength  of  the  current  is  in^ 
creased  in  direct  proportion  to  the  number  of  elements 
so  joined,  or  (what  is  the  same  thing),  in  direct  pro- 
portion to  the  size  of  the  plates;  (2)  where  the 
EXTERNAL  RESISTANCE  IS  GREAT  no  advantage  is 
derived  from  increasing  the  number  of  the  cells  so 
joined,  or  from  increasing  the  size  of  the  jilates. 

3.  Suppose,  again,  six  cells  connected  by  a  thick 
wire  to  an  apparatus  presenting  little  resistance,  that 
is,  consider  the  external  resistance  r  to  be  =  o,  and 
now  join  the  four  cells  "  in  series  ";  then 

6E      ,  ,  p     6E       E . 

^=  6ri-T7-^"^''  =  '''-'^^6R  =  R' 

that  means,  no  greater  advantage  is  derived  from  six 
cells  than  from  one. 

4.  Again,  let  the  external  resistance  be  very 
great,  i.e!' suppose  the  internal  to  be  so  small  in  com- 
parison as  to  be  regarded  as  o,  and  join  again  "  in 
series";  then 

fiE  ^  fiE 


liich  means  that  the  effect  is  sixfold. 
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Therefore,  supposing  cells  to  be  joined  in  series, 
(1)  when  there  is  little  external  resistance,  no  ad- 
vantage is  gained  by  a  number  of  celln  so  joined ;  (2) 
where  the  external  resistance  is  great,  the  strength 
of  the  current  increases  in  direct  jyroportion  to  the 
number  of  cells  so  joined. 

To  summarise  the  four  cases  that  have  been  con- 
sidered:  to  get  increased  intensity  of  cicrrent  with 
small  external  resistance,  either  use  large  cells,  or  join 
a  number  of  smaller  cells  in  midtiple  arc  with  great 
external  resistance  join  the  cells  in  series,  small  ele- 
ments being  as  good  as  large. 

Association  of  cells  in  gronps. — Ohm's  law 
shows  further,  that  increased  intensity  of  current 
may  often  be  obtained  not  by  a  regular  arrangement 
of  cells,  either  in  "multiple  ai'c,"  or  "in  series,"  but 
by  forming  a  number  of  groups,  each  group  being 
formed  by  uniting  several  cells  "  in  multiple  arc," 
and  then  connecting  the  groups  "  in  series."  It  is 
unnecessary  here  to  detail  how  this  is  proved,  but  the 
rule  is,  that  the  best  effect  is  obtained  when  the  group- 
ing is  such  that  the  total  resistance  of  the  elements  is 
equal  to  the  external  resistance.  That  rule  is  ex- 
pressed by  the  formula  n  -   =  r,  where  R  =  the 

r  J  111 

internal  resistance  of  a  cell,  m  =  the  number  of  cells 
imited  "  in  multiple  arc  "  into  a  group,  n  =  the  number 
of  groups  united  "in  series,"  and  r  =  the  total  external 
resistance.  All  that  it  is  necessary  to  know  is  the 
resistance  of  each  cell,  and  the  resistance  of  the 
apparatus  through  which  tlie  electricity  is  to  be  con- 
ducted. TluLS,  suppose  it  is  known  that  the  resistance 
of  each  cell  is  represented  by  5  (=  E,),  and  the  resis- 
tance in  the  circuit  by  20  ( =  r),  it  is  easy  to  calculate 
how  to  arrange  thirty-six  cells  in  order  to  give  the 
strongest  current. 

In  the  formula  n  -  =  r,  substitute  the  values 
m 
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20,  that  is,  5?i  =  20?/i  ;  there- 


given,  then  n 

fore  n  =  47?i.  That  is,  the  number  of  groups  is  equal 
to  four  times  the  number  of  cells  in  each  group.  But 
there  are  thirty-six  cells  in  all,  or  the  number  of 
groups  multiplied  by  the  number  of  cells  in  each 
group  =  36,  i.e.  nxm  =  36.  But,  as  shown,  n  = 
\m,  therefore  4m  X  m  =  36,  or  =  36,  therefore 
=  9,  i.e.  ?«-  =  3,  and  n  =  4to,  i.e.  12.  Therefore, 
to  get  the  strongest  current  the  number  of  gi'oups  {n) 
.should  be  12,  and  the  number  of  cells  in  each 
group  should  be  three.  (Fig.  17 
shows  on  one  side  six  cells  arranged 
in  two  series,  and  on  the  other  the 
same  number  arranged  in  three 
series.) 

Divided  circuits. — In  Fig.  IS 
there  is  shown  a  main  cii'cuit,  from 
which  at  the  point  A  two  secondary 
circuits  arise  to  join  the  main  line 
again  at  B.  Now  the  electricity 
flowing  along  from  p  will  divide  at 
the  point  A,  part  will  continue  along  the  straight  course 
to  B,  and  part  will  pass  by  and  r^.  The  currents  flow- 
ing in  rg  are  called  the  "  derived  "  currents,  A  and 
B  being  the  "  points  of  derivation."  Supposing  the 
wires  r,  and  r,  to  be  of  the  same  material,  length, 
and  cross-section,  then  they  would  ofler  precisely  the 
Same  amount  of  resistance  to  the  passage  of  the  cur- 
rent. The  result  would  be  that  the  same  amount  of  cur- 
rent would  flow  along  the  three  wires,  but  that  the  total 
quantity  of  current  flowing  between  A  and  b  would  be 
greater  than  if  there  had  been  only  a  single  wire  be- 
tween A  and  B.  If,  however,  for  r,  a  wire  of  the  same 
length,  but  treble  its  thickness,  were  substituted,  then 
the  intensity  would  be  the  same  as  passes  by  the  three 
wires.    In  other  words,  the  presence  of  the  three  wires 


Fig.  17.— Mode  of 
arranging  Cells 
in  Groups. 
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that  Association  in  1860  ;  shortly  it  is  called  the  B.  A. 
unit,  or,  after  the  discoverer  of  the  laws  of  resistance, 
the  OHM.     This  resistance  would  be  represented  by 
that  offered  by  a  column  of  pure  mercury  104-81  cen- 
timetres long,  1  square  millimetre  in  section,  at  a 
temperature  of   0°   Centigrade.     For  practical  use 
coils  are  made  of  wire  of  such  length  and  thickness 
that  they  offer  precisely  this  amount  of  resistance. 
Thus  a  coil  is  made  of  we  formed  of  an  alloy  of  two 
parts  of  silver  and  one  of  platinum.     The  wire  is 
from   one  to  two  metres   long,  and  from  -5  to 
millimetres  in  diameter.    The  wires  are  soldered  to 
thick  copper  electrodes,  and  properly  insulated  by  sUk 
and  paraffin.    At  a  given  temperature,  which  requu-es 
to  be  determined  for  the  particular  coil,  it  will  offer  the 
standard  resistance,  and  will  be,  therefore,  equal  to 
one  ohm.    The  exact  temperature  at  which  it  gives 
this  resistance  should  be  marked  on  the  coil.*  Suni- 
larly  boxes  may  be  made  containing  different  coils  of 
wire  of  varying  lengths,  so  as  to  offer  varying  resis- 
tances.   The  amount  of  resistance  each  coil  ofiers  is 
marked  on  it  in  ohms;  and  these  can  be  made  use 
of  to  interpose  any  given  resistance  m  the  path  ot 
a  current.    {See  chap._  xiii.) 


CHAPTER  IV. 

INDUCTION  AND  INDUCTION  COILS. 

In  1831  Faraday  discovered  that  a  current  flowing 
along  a  closed  circuit  was  able  to  produce  a  current  m 
a  neighbouring  coil  of  wire  simply  tlirough  influence. 

•  Refer  to  Clerk-Maxwell  on  "  Electricity  and  JIagnetism," 
vol.  i.  p.  390. 
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Let  E  (Fig.  19)  be  an  element  from  the  positive  pole 

of  which  the  wire  A  passes  to  a  cuja  containing 

mercury,  into  which  it  dips  at  B.    Let  c  be  the  wire 

from  the  negative  pole  also  dipping  into  the  mercury. 

Let  FD  be  another  wire  running  parallel  to  ab,  and  in 

its  neighbourhood,  and  let  the  ends  of  fd  be  connected 

with  a  galvanometer,  an  instrument  for  indicating  the 

presence  of  currents  of  electricity  by  the  movement  of 

a  magnetic  needle.    It  is  fully 

described    in    chapter   x.  We 

have  thus  two  circuits,  the  one 

in  connection  with  the  cell,  which 

may  be  called  the  cell  or  battery 

circuit,  or  better,   the  primary 

CIRCUIT ;  the  other,  in  connection 

with   the   galvanometer,    is  the 

„   ^      J-  •       -J-  Fig.  19.— Scheme  of  lu- 

galvanometer   circuit,  or  secon-  duction. 
DARY  CIRCUIT.    .  When  one  of 

the  wires  coming  from  E  is  withdrawn  from  the 
mercury  cup  the  circuit  of  the  cell  is  opened,  and  the 
electricity  ceases  to  flow.  When  the  wire  is  re-immersed 
in  the  mercury  the  circnit  is  closed,  and  the  current  is 
re-established.  1.  Now  supposing  the  battery  circuit 
to  be  open,  let  it  be  closed  by  dipping  the  wire  into 
the  mei'cury ;  at  the  moment  of  re-establishing  the 
current  a  current  appears  in  the  galvanometer  cir- 
cuit. It  lasts  for  a  very  short  time  and  then  disap- 
pears, provided  no  change  takes  place  in  the  primary 
circuit.  2.  Supposing,  next,  the  primary  current  to 
be  flowing  steadily,  let  it  he  interrupted,  l)y  removing  one 
of  the  electrodes  from  tlie  mercury  ;  at  that  moment 
a  current  appears  in  the  secondly  circuit,  as  indi- 
cated by  the  swing  of  the  magnetic  needle.  It  lasts 
also  a  very  short  time  and  then  disappears.  This 
phenomenon  is  called  induction  ;  the  primary  current 
is  the  inducing,  and  the  secondary  the  induced, 
current,     3.    If  the    primary    current  bo  flowing. 
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there  is  no  cm'rent  in  the  secondary  coil.  If, 
however,  the  secondary  coil  be  removed  to  a  little 
distance,  a  current  immediately  appeai-s  in  it,  which 
continues  wliile  the  removal  is  taking  place,  and 
ceases  when  it  stojas.  4.  Or  if  the- seco?ic^a?-?/  coil  be 
ajyproximated  to  the  primary  circuit,  again  a  current 
appeal's,  to  cease  as  soon  as  the  movement  is  suspended. 
The  same  effects  will  follow  if  it  is  the  primaiy  coil 
that  is  moved  in  the  neighbourhood  of  the  secondary. 
5.  If,  while  the  current  is  flowing  round  the  battery 
circuit,  its  strength  be  increased,  there  is  again  a 
current  induced  in  the  secondary  coil,  to  disappear  as 
soon  as  the  battery  current  is  constant.  6.  If,  on  the 
other  hand,  the  primary  current  be  diminished,  a 
secondary  current  is  induced,  which  lasts  only  while 
the  change  is  being  effected. 

The    direction   of  the  induced  cmrents 
varies. — The  current  that  appear-s  on  the  establish- 
ment of  the  primary  circuit  is  in  the  opposite  dii-ec- 
tion  to  that  of  the  primary  current,  and  is,  therefore, 
called  inverse  ;  that  which  appears  on  interruption  is  in 
the  same  direction  as  the  primary,  and  is  called  di^rect. 
The  current  induced  by  separating  the  two  circuits  is 
direct,  that  by  approximMing  them  is  ia verse.  The 
current  induced  by  increase  of  battery  strength  is  iii 
the  opposite  direction  (inverse),  that  by  diminntion  is 
in  the  same  direction  (direct),  to  that  of  the  battery 
current.    The  direction  of  the  induced    currents  is 
easily  remembered  by  the  law  of  Lenz,  according 
to  which  the  direction  of  the  induced  current  is 
always  in  a  direction  tending  to  oppose  the  change 
in  the  primary  current.    Thus,  on  the  est:iblishnient 
of  the  primary  circuit,  there  is  an  induced  current  m 
the  ojiposite  direction  in  the  secondary  circuit,  to 
oppose  the  establishment ;  and  on  interruption,  a  cur- 
rent in  the  same  direction  as  the  primary,  re.  to 
oppose   the  interruption,  to  continue  the  primary. 
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For  Ampere  showed  that  two  currents  that  are  parallel 
but  in  ojyposite  directions  repel  one  another,  and  that 
two  in  the  same  direction  attract  one  another. 

In  order  to  increase  the  effect  of  induction  a 
gi-eater  amount  of  wire  than  a  single  turn  is  neces- 
sary. The  primary  circuit  is  made  of  a  considerable 
length  of  wire  wound  on  a  bobbin  (Fig.  20).  The 
wire  is  comparatively  thick,  to  diminish  resistance^ 


Fig.  20.— luductiOL'. 


and  is  covered  with  silk  or  cotton  so  as  to  insulate 
one  turn  from  the  other,  and,  to  increase  the  in- 
sulation, the  turns  are  varnished  with  shellac.  The 
two  ends  of  the  wire  are  connected  with  brass 
screws,  to  which  the  wires  from  the  element  can 
be  attached,  when  the  current  will  pass  round  the 
coil.  The  secondary  coil  is  of  similar  construction, 
but  for  it  thin  wire  must  be  used  of  very  much  greater 
length  than  that  of  tlie  primary  coil,  since  it  is  found 
that  the  intensity  of  the  induced  currents  depends  on 
the  number  of  turns  in  the  coil  and  the  fineness  of  tlic 
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wire.  The  ends  of  the  wire  are  connected  to  binding 
screws,  to  which  wires  can  be  connected  for  leading  off 
the  induced  currents,  for  instance  to  a  galvanometer, 
as  shown  in  the  figure,  which  indicates  their  existence. 
The  coils  are  so  made  that  the  primary  can  slip  out  of 
or  into  the  interior  of  the  secondary,  which  is  hollow. 
By  such  an  arrangement  all  the  phenomena  described 
can  be  readily  observed.    Such  a  coil  is  called  an 

INDUCTION  COIL. 

Induction  by  a  magiict. — Not  only  a  current 
of  electricity,  but  also  a  magnet,  is  capable  of  prodac- 
ing  induced  currents.    Thus,  suppose  the  element  of 
primary  coil  of  Fig.  20  to  be  removed,  and  let  a 
magnet  (ab.  Fig.    21)   be  substituted 
for   them.     If   the  magnet   be  held 
stationary    above    the    secondary  coil 
no  current  is  induced.    But  as  soon  as 
the  magnet  is  thrust  into  the  interior 
of  the  coil,  or  removed  from  it,  induced 
currents  are  evident,  in  opposite  direc- 
tions, which    also    obey    Lenz's  law. 
If  the  magnet  be  stationary  and  the 
^'^neto^iiTe'^tefc  coi^  moved,  induction  currents  will  also 
Induction.     loe  produced.    Thus,  if  coils  be  rotated 
before  the  poles  of  a  strong  magnet,  a 
large  number  of  induced  currents  can  be  produced, 
rapidly  followmg  one  another.    This  is  the  principle 
made  use  of  in  the  construction  of  the  magneto- electric 
machine  for  medical  purposes,  and  in  machines  for  the 
production  of  the  electric  light.    It  is  found  also  that 
if  in  the  interior  of  the  secondary  coil  a  core  of  soft 
iron  be  placed,  and  if  one  pole  of  a  strong  magnet  be 
then  brought  into  contact  with  the  core,  it  becomes 
ma-^netised  ;  on  removing  the  magnet  the  core  loses  its 
magnetism,  but  this  magnetisation  and  demagnetisa- 
tion of  the  soft  iron  core  produce  induction  currents  in 
the  .coil.    It  is  further  known  (page  o3)  that  a  current 
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of  electricity,  circulating  round  a  wire  wound  on  a 
piece  of  soft  iron,  converts  tbe  iron  into  a  temporary 
magnet,  and  that  on  removal  of  the  cui'rent  the  iron 
speedily  loses  its  magnetism.   Thus,  if  the  two  coils  be 
used  as  shown  in  Fig.  20,  and  if,  in  the  centre  of  the 
primary  coil,  there  be  placed  a  core  formed  of  a  piece 
of  soft  iron  or  of  a  bundle  of  iron  wires,  as  soon  as  the 
current  is  established  in  the  primary  coil  the  core 
becomes  magnetised,  and  by  this  means  the  inductive 
action  of  the  primai-y  on  the  secondary  coil  is  intensi- 
fied.   It  is  also  needful  to  note  that  the  nearer  the 
inducina:  current  is,  the  more  considerable  becomes 
the  induced  current,  and  the  farther  removed  the 
inducing;  current  the  feebler  is  the  induced.  These 
are  the  general  principles  adopted  in  the  construction 
of    induction  coils 
made  for  the  pur- 
pose  of  generating 
induced  currents 
capable     of  being 
employed  for  prac- 
tical purposes.  The 
first  successfully  to 
construct     such  a 
coil  was  Ruhuikorff; 
and  hence  the  appa- 
ratus is  called  Ruiimkorff's  cotl.    It  consists  of  a 
hollow  cylinder,  on  which  is  coiled  a  copper  wire  about 
two  to  three  millimetres  in  diameter,  and  about  40  to 
50  yards  in  length.    As  already  noted,  the  wire  must 
be  carefully  insula-ted.     Inside  tlic  cylinder  is  a  core 
of  soft  iron,  cither  in  one  piece  or  consisting  of  a 
bundle  of  iron  wires.     Tliis  ])riniary  coil  is  inclosed  in 
a  cylinder  of  insulating  material,  glass,  or  caoutchouc. 

On  the  outside  of  the  insulating  case  is  wound  tlic 
secondary  coil,  ench  turn  being  carefully  insulated  from 
another.  This  coil  ismade  of  wire  much  thinner  than  tlio 


Fig.  22.— Euhmkorff's  Coil. 
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primary,  from  oue-fiftli  to  one-tentli  millimetre  thick, 
and  is  very  long.  In  some  large  coils  the  secondary 
wire  may  be  sixty  to  ninety  miles  long.  Thus  the 
secondary  coil  is  wound  round  the  outside  of  the 
primary  coil,  though  carefully  insulated  from  it.  The 
ends  of  the  primary  wires  are  connected  mth  the 
binding  screws  h  and  h' ,  and  the  ends  of  the 
secondary  wires  to  the  screws  A  and  b,  which  may  be 
supported  on  glass  pillars,  as  shown  in  tlie  figure. 
In  such  an  arrangement  the  coils  are  not  movable. 
All  arrangement  is  now  required  for  interrupting  and 
re-establishing  the  current  in  the  primary  coil  with 
rapidity,  so  as  to  produce  the  induced  currents.  One 
method  of  doing  this  is  by  what  is  called  Foucault's 
contact-breaker.  This  consists  of  a  small  cup  M  con- 
taining mercury,  which  is  in  metallic  communication 
with  the  binding  screw  h.  Dipping  into  the  mercury 
is  a  metallic  point  connected  with  a  lever  L  movable 
on  an  axis  at  l.  The  other  end  of  the  lever  has 
attached  to  it  a  small  piece  of  soft  iron  (armature,  as 
it  is  called),  which  jugt  projects  above  the  core  of  soft 
iron  jutting  out  of  the  centre  of  the  primary  coil. 
Now,  if  this  core  becomes  magnetic  it  attracts  the  soft 
iron  armature.  This  draws  down  one  end  of  the 
lever  moving  on  the  axis  L,  and  raises  the  other 
end,  so  that  the  metallic  point  is  raised  out  of  the 
mercury,  and  therefore  breaks  contact  with  it.  Tlie 
lever  L  is  supported  on  a  spring,  by  the  elasticity 
of  which  it  is  pulled  back  to  its  original  position, 
should  the  core  lose  its  magnetism,  and  so  contact 
with  the  mercury  would  be  again  established.  Now, 
suppose  the  positive  pole  of  a  battery  to  be  attached 
to  the  binding  screw  h\  by  means  of  a  wire  laid  in  the 
wooden  support  of  the  coil,  the  current  goes  to  c, 
which  is  an  arrangement  called  a  comuiutator,  and  is 
for  the  purpose  of  re^■ersing  tlie  direction  of  the  cur- 
rent, or  preventing  it  from  passing.    In  chapter  vL  a 
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commutator  is  described.  From  c  tlie  current  passes 
by  the  wire  /  to  the  primary  coil,  round  which  it 
passes,  and  gets  exit  by  the  wire which  conveys  it 
to  the  pillar  to  which  L  is  attached.  The  current 
having  gained  l,  proceeds  along  it  to  the  mercury 
cup  M,  and  from  m  to  the  binding  screw  h,  to  which 
the  negative  pole  of  the  battery  is  attached,  by  which 
it  regains  the  battery.  Consequently,  when  the 
metallic  point  of  l  is  in  the  mercury  the  current  is 
allowed  to  pass,  when  it  is  out  of  the  mercury  the 
current  is  interrupted.  Now,  when  the  current  passes 
round  the  primary  coil,  the  core  of  soft  iron  wires 
becomes  magmetised,  and  attracts  the  armature  at  the 
end  of  L  ;  this  raises  the  point  of  l  out  of  the  mercury, 
and  the  current  ceases  to  flow.  The  current  having 
ceased  the  soft  iron  core  loses  its  magnetism,  and  so 
fails  longer  to  attract  the  armature.  The  lever,  there- 
fore, by  the  elasticity  of  the  spring,  is  i^estored  to 
its  former  position ;  the  point  dips  again  into  the 
mercury,  and  tlie  current  is  re-established.  The  core 
again  becomes  magnetic,  again  attracts  the  armature 
of  L,  and  so  again  interrupts  the  current  The  core  is 
again  demagnetised,  l  springs  back,  and  the  current 
is  once  more  re-establislied.  So  the  action  goes  on, 
the  current  being  automatically  interrupted  and  re- 
established with  great  rapidity,  and  induced  currents 
being  therefore  formed  also  Avith  great  rapidity.  If 
wires  be  attached  to  the  binding  screws  A  and  b  of  the 
secondary  coil,  and  the  ends  brought  near  to  one 
anotlier,  but  not  touching,  the  induced  electricity 
wdl  be  seen  to  leap  across  from  one  wire  to  another 
in  a  stream  of  blue  light.  This  is  the  spark  of 
induced  electricity,  and  in  lai'ge  coils  a  spark  of  many 
inches  (18  inches)  may  be  obtained  by  separating  the 
ends  of  the  wires,  thus  by  means  of  a  coil  having 
a  large  number  of  turns  of  very  line  wire,  V(M-y  griiat 
diDiorences  of  i)otontial,  and    great  tension,  can  be 
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obtained.  So  a  current  of  a  few  Grove's  cells,  which 
might  be  permitted  to  pass  through  the  body  without 
the  person  being  aware  of  any  effect,  would,  if  sent 
through  a  large  coil,  be  able  to  generate  induced  cur- 
rents sufficient  to  kill  an  ox. 

Du  Bois-Keymond's  iiiductorium,  or  in- 
duction coil,  is  constructed  on  similar  principles  with 
a  view  to  physiological  experiments.  The  primary 
coil  consisting  of  about  1 30  turns  of  a  moderately 
thick    insulated    copper    wire,    is    fixed,    and  has 


Fig,  23.— Du  Bois-Eeyinond's  Sledge  Indue torium. 


a  core  of  soft  iron  rods.  The  secondary  coil  R^ 
having  6,000  turns  of  thin  (0-15  mm.  in  section) 
copper  wire,  is  quite  separate,  and  slides  in  a  groove 
B  along  the  wooden  ways  bb.  These  ways  are  made 
double,  and  hinged,  so  tliat  they  can  be  folded  back, 
or  unfolded,  when  a  grooved  roadway  is  obtained 
twice  the  length  shown  in  the  figure,  along  which  R- 
may  slide.  Thus  r"  may  be  brought  quite  over  r',  or 
may  be  moved  away  to  a  considerable  distance.  As 
already  noted  (page  39),  on  the  distance  between  the 
two  coils  depends  the  amount  of  the  induced  currents. 
A  centimetre-millimetre  scale  is  pasted  along  the  edge 
of  BB,  so  tliat  tlic  distance  between  the  two  coils  can 
be  always  measured,  and  consequently  the  same 
strength  of  current  at  any  time  re]iroduced,  provided 
other  things,  such  as  element,  etc.,  are  equal. 

At  the  end  of  the  apparatus  is  the  arrangement 
known  as  Wagner's  hammer,  adapted  by  Neef  for 
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automatically  making  and  breaking  the  primary 
circuit.  Let  the  current  be  brought  to  the  binding 
screw  K  in  the  far-off  pillai-,  and  let  the  negative 
electrode  be  bound  to  z.  The  current  passes  np  the 
pillar  and  along  the  spring  s  extended  horizontally, 
till  it  reaches  the  binding  screw  s',  whicli  makes 
contact  with  its  platinum  point  on  a  small  piece 
of  platinum  placed  on  the  upper  surface  of  the  spring 
at  that  spot.  The  current  passes  up  from  s'  to  s'', 
then  round  r\  and  out  from  it  by  a  wire  to  the 
electro-magnetic  pillars  h'.  These  consist  of  cores 
formed  of  tubes  of  soft  iron  wound  round  with  copper 
wire.  The  electricity  flows  along  the  wire  round  both 
columns,  and  then  gains  the  screw  z,  by  which  it 
reaches  the  negative  electrode.  When  the  current 
passes  round  the  pillars  h'  they  become  magnetic,  and 
attract  the  wedge-shaped  piece  of  soft  iron  s,  whicli 
is  just  above  them,  and  is  fixed  to  the  end  of  the 
spring.  The  magnetised  pillars  attract  the  soft  iron ; 
this  withdraws  the  spring  from  contact  with  the  screw 
point  s',  and  the  current  is  interrupted.  The  pillars 
lose  their  magnetism,  and  fail  to  retain  the  spring, 
which  flies  back  by  its  own  elasticity,  and  re-establishes 
the  current.  Thus,  by  alternate  magnetisation  and 
demagnetisation  of  the  pillars  the  current  is  established 
and  inteiTupted  rapidly,  and  so  a  rapid  series  of  induc- 
tion currents  is  obtained.  The  hammer  interrupter 
may  be  put  out  of  use  by  connecting  one  wire  of  the 
battery  directly  to  s",  and  carrying  the  other  wire  to 
s'".  From  s"  the  current  passes  straight  round  the 
primary  coil,  then  to  s'",  and  so  back  to  the  battery. 
To  interrupt  the  current,  then,  the  circuit  must  be 
broken  by  loosening  a  wire,  or  by  the  use  of  a  key. 
Because  of  the  sliding  arrangement  of  the  socond.'iry 
coil  tills  induction  a|)paratus  lias  also  been  called  the 
"  sledge  "  inductoriuni. 

E.vtra  current. — From  wliat  lias  been  said  about 
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induction,  it  will  be  readily  understood  that  the  use 
of  a  bobbin  I'ound  which  is  wound  the  spii-als  of  a 
coil  introduces  an  element  that  would  not  be  found 
did  the  circuit  pursue  a  straight  course.  For  as  the 
current  flows  round  one  turn  of  the  coil,  it  induces  a 
current  in  the  neighbouring  turns  of  the  same  coil. 
This  second  current  is  called  the  extra  current,  and 
is  in  a  direction  tending  to  oppose  the  establishment 
of  the  ordinary  current.     The  arrangement  in  Fig.  24 

was  devised  by  Fara- 
day to  show  this  extra 
current.  It  consists  of 
a  battery  of  elements  e, 
from  which  wires  are  led 
B  to  c,  a  single  coil  of  long 

Fig.  24.— Extra  Current.  fine  wire.     At  the  point 

A  in  the  positive  elec- 
trode a  branch  wire  is  led  off  to  the  galvanometer  G, 
and  a  -svire  from  G  joins  the  negative  electrode  at  b. 
Thus  the  current  from  the  battery  splits  at  A ;  part 
goes  round  c,  and  back  to  tlie  battery,  part  goes  off  at 
A,  passes  round  the  galvanometer,  and  joins  the  main 
circuit  at  b.  The  arrows  indicate  these  directions.  By 
the  action  of  the  current,  the  needle  of  G  takes  up  a 
position  a.  By  a  simple  arrangement  the  needle  is 
brought  back  to  zero,  and  then  contact  is  broken,  so 
that  the  current  ceases  to  flow  round  the  coil  c.  At 
that  instant  the  needle  becomes  deflected  in  a  direction 
opposite  to  the  foi-mer,  i.e.  in  the  direction  d.  This 
indicates  a  current  flowing  across  from  B  to  A,  that  is, 
a  current  in  the  coil  in  the  direction  A  c  B  A,  which 
was  the  direction  of  the  battery  current.  Similarly, 
when  the  current  is  established  va.  the  coil  c,  there  will 
be  an  inductive  action  of  each  turn  of  the  wire  on 
its  neighbours,  and  another  extra  current  will  appear. 
It  -will,  in  accordance  with  the  rule  already  laid  down, 
be  in  a  direction  tending  to  oppose  the  establishment 
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of  the  current,  tliat  is,  in  the  reverse  direction  to  the 
battery  current. 

Thus  there  are  two  extra  currents,  one  appearing 
on  the  closing  of  the  circuit,  tending  to  oppose  the 
establishment  of  the  current,  that  is,  in  the  opposite 
direction  to,  and  therefore  weakening,  the  battery 
current.  This  is  the  inverse  extra  current,  or 
extra  current  of  closure.  The  second  appears  on 
interrupting  or  opening  the  circuit,  tends  to  oppose 
the  interruption,  and  is,  therefore,  in  the  same  direc- 
tion as  the  battery  current,  and  for  the  instant  inten- 
sifies it.  This  is  the  direct  extra  current,  or  extra 
current  of  opening.  It  exjjlains  why  the  spark 
obtained  on  opening  is  more  intense  than  that  on 
closing. 

Now,  in  an  ordinary  induction  coil,  the  production 
of  these  exti-a  currents  in  the  coil  of  the  primary 
circuit  occasions  corresponding  differences  in  tlie 
induced  currents  of  the  secondary  coil.  For  by  the 
inverse  extra  current  the  primary  current  is  at  the 
moment  of  closing  weakened  for  an  instant,  and,  on 
this  account,  attains  its  maximum  strength  only 
gradually.  On  the  other  hand,  the  direct  extra 
current  is  .suppressed  on  opening,  because  no  arrange- 
ment is  made  to  maintain  the  circuit  of  the  primary 
coil  when  that  of  the  battery  is  opened,  and  it  also  is 
broken.  Thus,  the  current  of  the  primary  coil  is 
suddenly,  not  gradually,  interrupted.  On  closing, 
therefore,  the  primary  current  gradually  attains  its 
maximum ;  on  opening,  it  is  suddenly  interrupted 
when  at  its  full  strength.  Tin's  must  alFect  the  cur- 
rents of  the  secondary  coil,  wliicli  are  induced  by  tlie 
opening  and  closing  of  the  i)riuiary  current.  Fig.  25 
graphically  reprciscnts  the  differences.  Tin;  part  of  the 
figure  enclosed  by  bi-acket  I  applies  to  tlie  primary 
current;  that  enclosed  by  Ijracket  11  applied  to  the 
induced  currents  of  the  secondary  coil,     a  \  is  tlie 
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basement  line  of  the  upper  pai't ;  hh_  is  that  of  the 
lower.  Now  when  the  primary  circuit  is  closed,  the 
current  from  the  battery  should  at  once  rise  to  its 
maximum,  which  would  be  represented  by  the  perpen- 
dicular dotted  line  ab,  but,  owing  to  the  extra  current 


CLOSINO  OPENING 


Fig.  25. — Eifects  of  the  Extra  Current  on  tlie  Induction  Currents. 

in  the  inverse  direction,  it  attains  its  maximum  com- 
paratively slowly,  as  represented  by  the  continuous 
curved  line  1.  Simultaneou.sly  with  the  establish- 
ment of  the  primary  circuit  is  a  secondary  induced 
current,  represented  by  the  curve  2,  on  the  under  side 
of  hh,  because  it  is  in  the  opposite  direction  to  1. 
Again,  on  opening  the  primary  cu-cuit  its  current 
is  suddenly  ari'ested,  which  is  shown  in  the  figure 
by  the  perpendicular  continuous  line  3  3,  unaftected 
by  any  extra  current  because  of  the  interruption 
to  the  circuit.  Corresponding  to  the  opening  is 
an  induced  current  in  the  secondary  coil,  which 
suddenly  attams  its  maximum,  as  represented  by  the 
perpendicular  4  4,  and  then  falls  off  more  gradually, 
as  represented  by  the  curved  continuation  of  4  4. 
By  this  graphic  method  the  difference  between  the 
induced  current  of  opening  2,  and  that  of  closing  4, 
is  plainly  seen ;  and  this  accounts  for  as  great  a 
difference  in  the  physiological  effects  .of  the  two 
induced  currents,  the  effect  of  opening  being  always 
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the  more  marked.  In  order  to  diminish  the  difference 
between  the  two,  Professor  Helmholtz,  of  Berlin,  has 
devised  a  modification  of  the  arrangement  of  the 
coil. 

Modification  of  the  Dn  Bois  in«1uctoi  iuiii. 

—This  is  shown  in  Fig.  26.  It  consists  of  an  additional 
pillar  o,  at  the  foot  of  which  is  a  binding  screw  h. 
The  top  of  the  pillar  has  a  screw  with  a  fine'  platinum 
point  /',  which  can  be  raised  or  lowered,  so  as  to 
touch  or  be  removed  from  the  spring,  above  it. 
additional  binding- screw 
g  is  put  on  the  first  pillar, 
and  a  wire  carried  from 
it  to  /  Let  E  be  the 
element,  and  let  its  posi- 
tive electrode  be  carried  to 
screw  d  of  the  first  pillar, 
and  its  negative  electrode 
to  the  binding  screw  k  on 
pillar  a.  The  course  of 
the  current  is  as  follows  : 
From  E  to  the  first  pillar, 
up  that  pillar,  out  fi'om  g  by  the 
screw  /,  and  so  round  the  primary  coil  c,  and  then  on 
to  the  electro-magnetic  pillars  h.  From  h  it  passes,  by 
a  wire  laid  in  the  wood  of  the  instrument,  to  pillar  a, 
and  from  it  througli  the  binding  screw  k,  to  gain  the 
negative  electrode,  and  so  back  to  E.  Now  when  the 
current  is  passing  through  the  electro-magnets  h,  they 
become  magnetised,  and  attract  the  ham'mer-head  h. 
This  pulls  the  spring  down,  and  causes  it  to  make 
contact  with  the  point  of  the  screw  /',  wliich  is 
adjusted  at  the  proper  height  for  this  purpose.  As 
soon  as  /'  is  touclierl  liy  the  s]u-ing,  a  second  pathway 
is  opened  to  the  current,  viz.  from  e  to  the  first  pillar, 
up  that  pillar,  and  along  tlie  spring  to  /',  by  means  of 
/',  down  pillar  a,,  and  back  to  tlio  battery  e.     By  this 


Fiff.   26.-T1ie  Helmholtz  Modili- 
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second  jDathway  the  current  does  not  go  round  the 
primary  coil  c  at  all.     The  current  is,  therefore,  said 
to  be  short-circuited,  because  a  "  short  cut "  is  offered 
to  it  instead  of  the  longer  way  round  the  primary  coil. 
Thus,  as  soon  as  the  spring  touches  /',  the  ciu-rent 
has  two  circuits:  the  first,  v.  d  y  g' f  chltY,,  and  the 
second,  E  df  k  E.    At  the  bmding  screw  d,  therefore, 
the  current  will  branch  off;  part  will  flow  through  the 
primary  coil,  and  part  will  pass  by  the  short  cii'cuit 
straight  back  to  the  battery.    The  current  through 
the  coil  c  and  the  electro-magnet  h  is,  therefore, 
weakened.    As  a  result,  the  electro-magnet  h  is  no 
longer  able  to  attract  the  hammer-head  h,  which  flies 
back  by  the  elasticity  of  the  spring,  and  the  short 
circuit  is  broken  by  contact  between  the  spring 
and  /'  being  interrupted.     The  current,  therefore, 
ac^ain  proceeds  in  full  force  round  the  coil  c  and  the 
efectro-magnet  h.    The  Ktter  again  becomes  strongly 
magnetic,  attracts      again  closes  the  short  cu-cuit  at 
/',  and  again  weakens  the  current  round  c.  Again 
does  the  magnet  become  too  weak  to  attract  h,  wluch 
acrain  flies  off,  and  breaks  the   short  circuit,  and 
restores  the  full  force  of  the  current  round  c,  and  so 
on  the  action  is  repeated.    The  eflect  of  this  short- 
circuiting  arrangement  on  the  induction  currents  is 
shown  in  the  dotted  curves  of  Fig.  25.    The  weaken- 
ing of  the  current  round  the  coil  is  represented  by  the 
lineA'A"in  its  diminished  distance  from  b.  ^\hen 
the  short  circuit  is  interrupted  by  the  recoil  of  the 
hammer-head,  the  strength  of  the  current  I'ound  the 
coil  c  rises.    This  is  represented  by  the  curved  dotted 

^"^"^Corresponding  to  this  increased  strength  of  the 
current  in  the  primary  coil  is  an  induced  current 
in  the  secondary,  represented  by  the  dotted  cuive 
2'  But  no  sooner  is  the  short  circmt  interrupted 
than  it  is  again  closed  by  the  increased  action  of  the 
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electro-magnet  h.     The   weakening  of  the  i^rimavy 
current  by  the  sudden  closing  of  the  short-circuit  is, 
however,  effected  gradually,  because  the  circuit  of  the 
primary  coil  is  still  complete,  and  tlie  extra  current 
produced  in  the  primary  coil  can  make  its  effect  felt. 
The  extra  current  is  in  the  direction  of  the  primary 
current,  and  therefore  tends  to  delay  its  weakening. 
The  consequent  gradual  weakening  of  the  primary 
current  is  represented  by  the  dotted  curve  3'.  Pro- 
duced by  this  is  an  induced  current  in  the  secondary 
coil,  indicated  by  the  dotted  curved  line  4'.  Thus 
the  original  induction  currents  of  the  Du  Bois  coil 
are  represented  by  the  continuous  curves  and  lines  2 
and  4  4,  the  disproportion  between  which  is  graphi- 
cally shown ;  while  the  induction  currents  produced 
through  Helmholtz'  modification  are  represented  by 
the  _  dotted   curves  2'4',   which   are,  as  nearly  as 
possible,  of  the  same  intensity,  and  produce,  therefore 
smiilar  physiological  effects.    The  sledge  inductorium, 
as  now  made,  has  the  arrangement  shown  in  Fig.  26* 
and  by  proper  adjustment  of  the  screw/'  the  modi- 
fication IS  made  available.     By  lowering  the  screw/' 
so  that  the  spring  cannot  come  into  contact  with  it 
and  by  loosenmg  the  wire  cj ,  the  modification  can  be 
thrown  out,  and  the  original  arrangement  employed. 

It  IS  to  be  noted  that  in  the  Helmholtz  arrano-e- 
ment  the  primary  current  is  never  quite  interrupted. 
It  1.S  only  tlie  increase  and  diminution  in  the  streno-tli 
of  the  current  round  the  primary  coil  that  produ^ces 
the  induced  currents. 
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CHAPTER  V. 

EFFECTS  OF  THE  ELECTRICAL  CUKRENT. 

Thermal  effects — A  sufficiently  strong  electric 
current  is  capable  of  fusing  all  metals  not  excepting 
platinum.    By  properly  graduating  the  strength  of 
the  current,  varying  degrees  of  thermal  effects  may 
be  obtained,  from  mere  warmth  up  to  redness,  and  on 
to  fusion.    Heating  eflFects,  whether  easily  apparent 
or  not,  always  attend  the  conduction  of  a  current^ 
The  amount  of  heating  depends  on  the  resistance  of 
the  conductor.    Thus,  a  fine  wire  will  be  heated  to 
a  o-reate,r  extent  than  a  thick  wire,  and  a  wire  of 
great  resistance  to  a  greater  extent  than  one  of  small 
Resistance.    Thus,  platinum  wire  interposes  ten  f  imes 
greater  resistance  to  the  passage  of  a  current  than  a 
copper  wire  of  the  same  length  and  thickness.  Con- 
seintly,  with  the  same  current  a  platmum  wire 
wo\ld  be  unbearably  hot,  while  a  copper  wu^  woukl 
be  hardly  affected.    At  the  same  time,  it  is  found 
tha    the  total  resistance  for  the  whole  of  the  ciixuit 
must  be  as  small  as  possible.    Therefore,  when  it  is 
de  red  to  heat,  say  a  small  piece  of  pla  iiium  wire,  as 
for  nstance  iii  surgery,  for  the  removal  by  cautery  of 
a  tim  ur  copper  elecLdes  of  considerable  thickness 
IrT^M  to  the  battery,  and  the  necessary  length 
orplatinum  wire  is  interposed  between  their  ends 
fj  d  an   xi.)    The  heating  effects  of  the  currept« 
S  made'  nJ  of  for  firing  mines,  and  for  similar 

^'"'S^rolysis-A  current  of  electricity  passed 
through  water-  decomposes  it  into  its  elements.  Oxygen 
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is  liberated  at  the  positive  pole,  and  hydrogen  at  the 
negative.  The  apparatus  figured  in  Pig.  27,  called  a 
voltameter,  is  employed  for  showing  this  decomposi- 
tion. It  consists  of  two  tubes  filled  with  water. 
The  tubes  are  inverted  in  a  vessel,  also  containing 
water,  over  strips  of  platinum.  The  strips  are  con- 
nected by  wires  to  binding  screws,  to  which  the 
positive  and  negative  wires  of  a  battery  are  attached. 


Fig.  27. -The  Voltameter. 


Tlie  liberated  gases  rise  from  the  strips,  and  are 
collected  in  the  tubes.  The  tube  connected  with  the 
negative  pole  has  twice  as  much  gas  (hydrogen)  as 
that  connected  with  the  positive.  Thus  one  obtains 
not  only  a  qualitative  but  also  a  quantitative  analysis. 
Pure  water  is  not  employed,  because  it  is  a  bad 
conductor.  The  water  must  be  acidulated,  usually 
with  sulphuric  acid,  and,  of  course,  it  may  be  really 
only  the  acid  that  is  decomposed.  Otlier  solutions 
subjected  to  the  passage  of  a  current  show  siinilai- 
results,  different  elements  appearing  at  difi'erent 
electrodes.  Salts  may  be  decomposed  by  the  current, 
the  acid  appearing  at  the  positive,  and  the  base  at 
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the  negative  pole.     Similarly  other  compounds  can 
be  decomposed,  animal  substances  like  blood,  milk,  or 
muscle,  being  also  acted  on.    Faraday  investigated 
the  subject  of  such  decomposition,  and  applied  the 
phraseology  now  used.    Thus  the  body  decomposed 
is  called  the  electrolyte,  and  the  action  electro- 
lysis ;  the  positive  pole  is  called  the  anode,  the  negative 
the  katode  ;  the  substances  that  collect  at  the  positive 
pole  are  called  anions,  those  that  collect  at  the  negative 
pole  are  called  rations.    Those  that  collect  at  the 
positive  pole  are  supposed  to  be  charged  with  negative 
electricity,  and  are  called  electro-negatives,  while 
those  collecting  at  the  negative  pole  are  supposed  to 
be  charged  with  positive  electricity,  and  are  called 
electro-positives.    It  is  to  be  noted,  however,  that 
the  same  body  may  at  one  time  be  electro-positive 
and    at    another   electro-negative.     It   depends  on 
the  body  with  which  it  is  associated.    Thus  sulphur 
is  electro-negative  to  hycbogen,  hut  electro-positive  to 
oxycren.    It  is  a  curious  fact  that  the  separation  ot 
the°different  elements  occurs  only  at  the  electrodes, 
and  not  throughout  the  mass  of  the  electrolyte. 

To  account  for  this,  a  theory  was  propounded  by 
Grotthiiss.  The  diagram  (Fig.  27)  shows  its_ application 
to  water.    Grotthiiss  supposes  that  there  is  a  decom- 
position effected  throughout  the  entire  fluid,  but  that 
this  is  followed  by  a  recombination,  except  at  the 
electrodes.    Thus  the  molecule  of  water  m  the  neigh- 
bourhood of  the  positive  pole  being  split  mto  oxygen 
and  hydrogen,  the  oxygen,   being  electro-negative, 
attaches  itself  to  the  positive  pole.    Its  liberated 
hydrogen,  however,  seizes  on  the  liberated  oxygen  ot 
a  neighbouring  decomposed  molecule,  and  reoombmes 
to  form  a  molecule  of  water.    The  free  hydrogen  of 
the  second  molecule  seizes  on  another  atom  of  oxygen 
of  a  neighbouring  molecule,  and  so  "'"T^"" 
liquid  tlie  recombination  being  complete  tliroughout 
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the  liquid.  As  a  result,  however,  hydrogen  is  left, 
having  no  oxygen  with  which  to  recoinbine,  and  as  it  is 
electro-positive,  it  attaches  itself  to  the  negative  pole. 
Thus  only  at  the  two  poles  are  the  eflects  of  the 
decomposition  visible.  The  quantity  of  an  electrolyte 
decomposed  is  proportional  to  the  action  in  the  battery  ; 
and  the  quantities  of  the  different  substances  pro- 
duced at  the  different  poles  are  in  proportion  to  their 
chemical  equivalent. 

Production  of  inagfiicts  by  ciiirciits  Let 

AB  (Fig.  28)  be  a  portion  of  a  large  link  of  soft  iron, 
and  let  a  thick  cojjper  wire 
be  wound  round  each  end, 
each  turn  being  insulated 
from  the  other.  The  wire 
must  be  wound  in  such  a 
way  that,  if  the  link  were 
straightened  out,  the  wire 
would  be  all  in  the  same 
direction.  Connect  the  ends 
of  the  wire  with  a  battery 
of  two  or  three  Grove's 
cells,  and  an  electro-magnet 
is  formed.  Let  t  be  a"  bar 
of  soft  iron  with  a  hook  at- 
tached. While  the  current  flows  round  the  wire,  the 
soft  iron  will  become  converted  into  a  horse-shoe  mag- 
net, of  such  strength  as  to  attract  the  bar  t,  and  keep 
it  m  contact  though  a  weight  of  many  pounds  be 
suspended  from  it.  Interrupt  the  current,  then  in  a 
moment  the  link  will  lose  its  magnetism,  and  the 
weights  will  drop.  The  soft  iron  is  thus  only  tem- 
porarily magnetised  by  the  ])assnge  round  it  of  a 
current.  All  the  magnetism  is  not,  however,  lost  ; 
some  generally  remains,  and  is  called  rnsldnal 
mrujvMism.  The  less  thorough  the  annealing  of  the 
iron,  the  greater  is  the  teudeucy  for  some  degree  of 
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magnetism  to  remain  permanently.  The  discovery  of 
the  electro-magnet  is  due  to  Arago.  How  it  is  adapted 
for  the  automatic  interruption  of  a  current  has  been 
explained  in  noticing  the  construction  of  the  induction 
coil  (page  39).  The  electro-magnet  is  also  very  ex- 
tensively employed  in  the  making  of  electromotors, 
telegrajjli  instruments,  etc. 

The  luminous  effects  of  the  electric  current 
it  is  not  necessary  to  discuss  here.  A  brief  reference 
will  be  found  in  the  chapter  on  the  application  of 
electricity  to  medicine  and  surgery  (chap.  xv.). 

The  effects  of  a  ciu-rent  on  a  inag^net  are 
discussed  in  the  chapter  on  galvanometers  (chap.  x.). 

The  physiological  effects  of  the  electric  current 
form  the  subject  of  other  chaj^ters. 


CHAPTER  VI. 

KEYS,    COMMUTATORS,    AND    ELECTRODES    FOR  PHYSIO- 
LOGICAL PURPOSES. 

A  GALVANIC  key  is  for  the  purpose  of  rapidly  and 
easily  making  or  breaking  a  galvanic  circuit.  This 
could  be  done,  of  course,  by  simply  loosening  one  of 
the  wires  from  its  connections  with  the  battery,  or 
with  the  apparatus  to  which  the  current  is  conveyed  ; 
but  the  use  of  a  key  atlbrds  a  great  convenience. 
There  are  various  forms  in  general  use. 

A  mercury  key  is  shown  in  Fig.  29.  It  con- 
sists of  a  circular  block  of  wood  which  can  be  clamped 
to  the  table.  In  the  centre  is  sunk  a  small  porcelain 
cup  which  contains  clean  mercury.  A  thick  copper 
wire  is  fixed  across  the  block,  with  its  end  curving 
down  into  the  mercury.  The  projecting  end  is  much 
thicker  than  the  rest^  and  is  hollowed  out  so  that  a 
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wire  can  be  inserted  into  it  and  fixed  with  a  screw. 
A  second  wire  with  a  similar  projecting  end  is  movable 
round  an  axis  by  an  insulated  handle. 
It    can   be   caused   to   dip    into  the 
mercury  or  can  be  taken  out.  Wires 
from  the  battery  being  connected  with 
both  the  binding  screws,  the  current  is 
passed  wlien  both  wires  dip  into  the  '^''cm^^'ivey^^''''" 
mercury  and  is  interrupted  when  the 
handle  is  pulled  backwards  so  as  to  lift  one  wire  out. 

A  contact  or  spring-  key  is  shown  in  Fig-  30, 
On  a  vulcanite  or  other  insulating  block  is  fixed  a 
spring,  in  metallic  connection  with  a  binding  screw  at 
the  base  of  the  pillar  supporting  it.  The  end  of  the 
spring  has  a  little  ivory  button,  3,  by  which  the  finger 
3  may  press  the  spring  down  so  as  to 
make  contact  with  the  metal  pillar  1, 
which  is  in  metallic  connection  with 
solspriuc  binding  screw  2.    Thus,  the  elec- 

Key.     °    trodes  being  fixed  to  the  binding  screws, 
the  current  can  pass  only  when  the 
spring  is  pressed  down  by  the  finger  to  make  contact 
with  the  pillar  1. 

The  friction  key  of  Du  Bois-Reymond  is  repre- 
sented in  Fig.  31.  It  consists  of  a  plate  of  vulcanite 
G  attached  to  a  screw  clamp  for  fixing  it  to  the  edge 
of  a  table.  On  the  plate  are  two  rectangular  pieces 
of  brass  A  and  b,  placed  in  the  position  sliown  in  the 
figure.  Each  piece  of  brass  has  two  holes  drilled 
through  it,  and  a  screw  passes  down  to  each  hole  to  fix 
any  wire  tliat  may  be  inserted.  A  bridge  of  brass  is 
pivoted  to  B  in  such  a  way  that  when  lovvered  by  tlie 
insulating  handle  c  it  makes  close  contact  with  the 
end  section  of  a.  Tliere  are  two  ways  of  interposing 
tliis  key  in  a  circuit.  The  bpst  way  is  that  shown  in 
Fig.  31,  viz.  :  Carry  a  wire  fi-om  tlie  positive  pole  of 
the  clement  to  binding  screw  1,  and  from  2  on  the  samo 
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side  of  the  key  carry  a  wire  to  the  apparatus  to  which 
the  current  is  being  conveyed,  represented  by  app. 

From  the  apparatus  take  a 
wu-e  to  4  on  the  opposite  side 
of  the  key,  and  from  3  on 
that  side  take  a  wii-e  back  to  E 
to  the  negative  pole  n.  Lower 
the  bridge  so  as  to  "  close  the 
key,"   and  now    follow  the 
direction  of  the  current.  It 
passes  from  p  to  a  ;  but  as 
soon  as  a  is  reached  two  path- 
ways are  open,  one  by  the  wire 
from  2   round  the  apparatus, 
then  on  to  b,  and  so  on  back 
to  E,  the  other  from  a,  straight 
across  the  bridge  to  b,  so  gaining  3,  and  passing  to  E. 
The  first  is  a  long  route  presentuig  considerable  resis- 
tance ;  the  second  is  a  short  circuit,  and,  smce  the 
brido-e  is  of  large  section,  presents  no  resistance  to 
speak  of.    When,  therefore,  the  key  is  closed,  all  the 
current  will  pass  straight  across  the  bridge  back  to 
the  battery,  and  none  will  go  the  long  route,  owing  to 
the  great  diflerence  of  resistances.    The  battery  cur- 
rent is  then  said  to  be  short-circuited,  and  the  key  is 
interposed  in  SHORT  circuit.  *     Anotlier  term  tor 
short  circuit  is  accessory  circmt.  ,    ,  , 

When,  however,  the  bridge  is  raised,  the  key  w 
opened,  and  in  that  case  the  current  has  no  option,  but 
must  go  the  long  route,  the  short  cii'cuit  being  inter- 
rupted With  a  key  in  short  circuit,  therefore,  closing 
the  key  means  interrupting  the  current  in  the  apparatus, 
and  opening  the  key  means  sending  on  the  current  to 
the  apparatus.  The  same  key  may  be  used  in  a  simple 

is  used  as  we  use  short  circuit. 
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fashion  (Fig.  32).  Carry  a  wire  from  p  to  A,  another 
from  B  to  the  apparatus,  and  a  third  from  app  to  i<. 
When  the  key  is  opened,  the  current  cannot  pass  across 
from  A  to  B,  and  is  therefore  interrupted  in  app,  and 
when  it  is  closed  the  current 
passes  across  the  bridge  c,  and 
the  circuit  is  closed.  Thus, 
using  the  key  in  this  simple  way, 
closing  means  establishing  the 
current,  while  opening  it  means 
interrupting  the  current. 

Unipolar  ind..ction._In  f^f/S 
the    stimulation    of    nerve  by 

induction  currents,  the  key  interposed  in  the  circuit 
ought  always  to  be  short-circuited  for  the  pi-even- 
tion  of  wliat  is  called  unipolar  contraction.  Sup- 
pose the  circuit  of  the  secondary  coil  not  to  be  closed, 
then  on  the  opening  and  closing  of  the  primary  circuit 
no  induction  stream  can  be  produced,  because  of  the 
interruption  in  the  secondary  circuit.  But  it  lias 
been  shown  that  in  such  a  case  the  passing  of  the 
current  through  the  primary  coil  decomposes  the 
neutral  electricity  of  the  secondary  spiral,  and  thus 
free  static  electricity  accumulates  at  the  ends  of  the 
secondary  wires.  This  free  electricity  is  of  consider- 
able tension,  and  will  pass  off  into  the  earth  ;  and  if 
it  meet  a  nerve  in  its  course,  the  nerve  will  be  irri- 
tated. These  conditions  are  practically  fulhlled  avIjcu 
the  key  of  the  secondary  spiral  is  a  simple  key,  a 
mercury  key,  for  example.  When  the  key  is  open, 
so  that  no  induction  stream  can  be  produced,  and  wlien 
a  nerve  is  laid  on  the  electrodes,  without  proper  insu- 
lation being  employed,  the  nerve  is  connected  with 
only  one  pole  of  the  secondary  spiral.  On  the  passing 
off  of  the  free  electiicity  accumulated  on  the  ends  of 
the  wirfis,  contraction  of  the  muschs  might  result. 
When,  however,  the  secondary  coil  is  short-circuited, 
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this  cannot  happen,  because  then  the  secondary  circuit 
is  closed.    Not  only  will  unipolar  contraction  occur 
when  the  secondary  spiral  is  open,  but  it  happens  also 
when  the  spiral  is  invperfectlij  closed.   Imperfect  closure 
is  present  when  part  of  the  circuit  is  formed  of  a  bad 
conductor.    Now,  the  resistance  oflered  by  a  nerve  to 
the  current  is  great,  and  it  is,  therefore,  an  imperfect 
conductor.    Wlien,  therefore,  the  short-circuiting  key 
is  opened,  and  part  of  the  circuit  of  the  secondary  coil 
is  the  piece  of  nerve  between  the  two  electrodes, 
imperfect  closure  is  present,  and  unipolar  contraction 
is  apt  to  occur  and  to  be  mistaken  for  contraction  of 
the  muscle  by  excitation  from  the  nerve.    To  prevent 
tins  it  is  recommended  to  connect  the  upper  of  the 
two  electrodes,  by  means  of  a  good  conductor,  with  the 
earth.    This  is  effected  by  leading  a  short  thick  wire 
to  the  gas-pipe  or  water-pipe  connected  with  the  apart- 
ment. ''The  free  electricity  is  thus  led  off  and  prevented 
from  passing  through  the  nerve  and  muscle.  In  any  case, 
where  it  is  desired  to  make  certain  that  the  contraction 
obtained  is  due  to  nervous  stimulation,  and  not  to 
unipolar  induction,  it  is  advised,  after  gettmg  the 
contraction,  to  snip  through  the  nerve  between  the 
electrodes  and  the  muscle,  then  cause  the  cut  surfaces 
of  the  nerve  to  make  contact  with  one  another,  and 
repeat   the    experiment.    The   propagation    of  the 
nervous  influence  is  prevented  by  the  section,  but  the 
conduction   for   electricity  is    still   preserved  it, 
therefore,  the  iirst  contraction  were  actually  due  to 
nervous  stimulus,  it  will  not  appear  on  repeating  the 
experiment :  but  if  it  were  due  to  unipolar  action,  it 
will  occur  just  as  before.    This  is  called  a  control 
experiment,  because  it  tests  the  accuracy  of  tlie  result. 
Instead  of  cutting  the  nerve,  ligatming  it  between  the 
electrodes  and  the  muscle  is  as  effective,  since  the 
ligature  destroys  nervous  propagation  but  preserves 
electrical  conduction.    Or   the  nerve  may  be  kept 
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intact  for  further  experiments,  and  the  control  experi- 
ment performed,  by  laying  a  thread  inoistened  in  salt 
solution  over  the  electrodes,  and  placing  the  nerve  on 
the  part  of  the  thread  projecting  beyond  the  electrode. 
The  thread  will  equally  well  conduct  the  electricity, 
but  of  course  will  not  occasion  nervous  stimulation. 

A  commutator  is  an  instrument  for  reversing 
the  direction  of  a  current.    It  is  also  called  gyrotrope 
or  EHEOTROPE.    Fig.  33  shows  the  form  constructed 
by  Pohl.     In  a  thick  disc  of 
wood  or  vulcanite  there  are  six  /  i 

little  cups  for  holding  mercury.  "Hq?>  ' 

Each  cup  has  a  binding  screw  ^l^S^^^^^^,  a, 
in  connection.    Attached  to  the  -^Xj  [^^^^(|r^ 
cups  1  and  2  are  the  upright  thick  ^^^fiTliS 
wires  a  and  h,  which  are   con-  ^^-~^}!1!!LJ^(^_ 
nected  to  one  another  by  a  bridge 
of  glass  tube  filled  with  wax,  so  yk^.  33.  —  PoWs  Com- 
that,  though  coimected,  they  are  in-  mutator, 
sulated  from  one  another.  Spring- 
ing transversely  from  the  upright  wire  on  each  side 
are  arcs  of  thick  copper  wire,  of  such  a  length  that  the 
bridge  may  be  so  inclined  that  the  free  ends  on  one 
side  may  dip  into  the  cups  5  and  6,  or,  by  reversing 
the  bridge,  the  ends  of  the  other  side  may  dip  into  the 
cups  3  and  4,  but  the  free  ends  cannot  dip  into  both 
sides  at  once.    Copper  wires  are  also  supplied,  one,  c, 
stretching  between  3  and  6,  the  other,  «,  between  4  and 
5,  and  not  touching  one  another.    These  two  copper 
wires  form  what  is  called  "the  cross."    The  cross  may 
be  removed ;  and,  according  as  it  is  in  or  out,  does  the 
instmment  serve  one  or  another  purpose.     (1)  Let  the 
cross  he  in,  bring  the  positive  electi-ode  of  tlu;  battery 
to  1,  and  the  negative  to  2.    Let  the  bridge  incline  as 
shown  in  the  figure,  and  suppose  a  wire  to  pass  from  3 
to  the  same  instrument,  and  a  wire  to  come  back  from 
it  to  4.    The  current  enters  at  1,  passes  up  a,  then 
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down  the  arc  to  the  wire  at  3,  which  is,  therefore,  +, 
through  the  instrument  and  back  by  the  wire  at  4, 
which  is,  therefore,  — .  From  4  the  current  passes  up 
the  arc  to  6,  down  to  2,  and  so  back  to  the  battery. 
Suppose  now  the  bridge  be  reversed.  The  current 
enters  at  1,  passes  up  a,  but  can  no  longer  pass  down 
to  3,  because  the  arc  is  raised  out  of  the  mercury.  It 
goes  down  the  other  side,  therefore,  which  dips  into  5. 
But  at  5  there  is  no  wire  to  lead  it  off,  except  the  limb 
d  of  the  cross.  Along  c?,  then,  it  proceeds  to  4,  and  by 
the  wire  at  4  passes  to  the  instrument,  from  which  it 
returns  by  the  wire  to  3.  The  wire  at  4  is  therefore 
+  il^stead  of  — ,  as  before ;  and  that  at  3  is  — 
instead  of  +,  as  before;  that  is  to  say,  the  direction 
of  the  current  has  been  reversed.  From  3  the  current 
passes  across  c  to  6,  up  the  arc  to  b,  and  back  from  2 
to  the  battery.  Consequently,  ivith  the  cross  in.,  re- 
versing the  commutator  reverses  the  direction  of  the 
ciLrrent  through  one  and  the  same  appao'atics.  Suppose 
it  were  a  nerve  to  which  the  current  must  be  con- 
veyed, by  means  of  the  commutator  the  current  could 
be  sent  up  or  dowai  the  nerve  at  pleasure.  (2)  Let  the 
cross  be  taken  out ;  then,  when  the  bridge  is  inclined  as 
in  the  figure,  the  current  would  pass  oft'  by  wires 
attached  to  3  and  4 ;  when  the  bridge  is  reversed  it 
would  pass  oft"  by  wires  at  5  and  6.  So  that  one 
apparatus  might  be  connected  with  3  and  4,  and 
another  and  entirely  diflereut  appai-atus  with  5  and  6. 
Hence,  the  cross  being  out,  the  current  can  be  sent  now 
to  one  and  noio  to  another  apparatus  at  pleasure,  the 
commutator  actin;/  thus  as  a  double  key. 

Electrodes.— For  convenience  in  the  application 
of  electricity  various  forms  of  electrodes  have  been 
devised.  One  form  frequently  used  is  that  of  Du 
Bois-Reymond's  platinum  electrodes  (Fig.  34).  They 
are  formed  of  a  stand  with  a  projecting  arm,  movable 
by  a  universal  joint  at  c.    The  arm  carries  a  glass 
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Fig.  34.— Platinum  Electrodes. 


plate  e,  fixed  into  a  block  of  vulcanite  li.  Through  holes 
in  the  vulcanite  pass  platinum  wi]-es,  the  ends  of  which 
are  beaten  out  flat  and  L-shaped.  At  the  end  d  of 
the  platinum  wires  are 
binding  screws,  by  means 
of  which  short  wires  from 
the  screws  on  h  can  be 
attached,  and  these  again 
can  be  connected  with 
wires  froui  an  element  or 
induction  coil.  If  then  a 
nerve  be  laid  across  the 
L-shaped  point!?,  which 
are  not  allowed  to  touch 
one  another,  the  current 
will  reach  the  nerve  by 
one  platinum  electrode,  travel  along  the  nerve  till  the 
other  electrode  is  gained,  and  so  return.  By  the 
screws  in  h  the  distance  between  one  electrode  and 
another  can  be  increased  or  diminished,  and  thus  the 
current  can  be  made  to  travel  through  a  greater  or  less 
length  of  nerve.  An  easy  w;iy  of  making  electrodes 
suitable  for  physiological  work  is  to  pass  two  plati- 
num wires  through  a  piece  of  cork  at  the  desii'ed 
distance  from  one  another.  The  cork  may  then  be 
fixed  to  a  support.  The  wires  from  battery  or  coil 
can  then  be  easily  attached  to  two  of  the  free  ends. 
Electrodes  may  also  be  made  by  fastening  two  wires 
on  either  side  of  a  slip  of  wood  of  the  thickness  suffi- 
cient to  keep  them  the  desired  distance  apart.  Coat 
the  whole  with  paraffin,  and  when  it  is  cool  the  paraffin 
can  be  scraped  away  and  the  requisite  length  of  wires 
exposed. 

The  moist  stiiniilntioii  l«I»o  is  devised  to 
meet  an  objection  brouglit  against  other  electrodes  ; 
tlie_  objection,  namely,  that  a  nerve  laid  over  the 
ordinary  electrodes  rapidly  dries,  and  is,  tliercfore, 
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destroyed.  A  small  glass  tube  drawn  to  a  point  at 
one  end  is  taken.  The  tube  contains  two  ring-shaped 
pieces  of  platinum,  fixed  a  short  distance  from  one 
another.  A  fine  copper  wire  from  each  ring  passes 
through  the  glass,  and  terminates  in  a  free  end.  The 
tube  can  be  carried  on  a  support  attached  by  a  swivel 
joint  to  an  upright  stand.  To  use  it  for  sending  a 
current  to  a  nerve,  tie  a  piece  of  thread  round  one  end 
of  the  nerve,  and  by  means  of  the  thread  pull  the 
nerve  gently  through  the  small  end  of  the  tube,  and 
lay  it  over  the  ring-shaped  electrodes.  The  thread  is 
carried  out  at  the  wide  end  and  is  held  there,  and  the 
tube  is  closed  by  a  small  cork.  The  space  in  the  tube 
being  small,  the  air  is  easily  saturated  with  moisture, 
and  the  nerve  is  thus  kept  for  some  hours  from  drying. 
The  free  ends  of  the  ring-sliaped  electrodes  are  for 
connecting  with  the  wires  from  the  battery  or  coiL 

Other  forms  of  electrodes  will  be  noticed  farther  on 
in  connection  with  various  experiments.  In  chapter 
XV.  electrodes  for  use  in  medicine  and  surgery  are 
shown. 


CHAPTER  VII. 

EXPERIMENTS  ON  MUSCLE  AND  NERVE  STIMULATION. 

The  muscle  telcg:rapli  (Fig.  35)  of  Du  Bois- 
Reymond  is  devised  for  signalling  when  a  muscle  con- 
tracts, and  to  some  extent  to  indicate  the  amoimt  of 
its  contraction.  On  a  rectangular  piece  of  wood  gg 
are  two  upright  pillars.  One  pillar  D  supports  the 
forceps  A,  fixed  in  a  handle  b,  in  and  out  of  the  socket 
of  wliich  they  can  slide  and  be  .secured  by  the  screw  s ; 
tlie  other  pillar  can  be  a[)i)roximated  to  or  removed 
from  D  by  sliding  on  z.    The  second  pillar  has  a  little 
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pulley  which  carries  an  arm  a! ,  terminating  in  a  disc  c. 
A  thread  passes  over  the  pulley,  and  supports  at  one  end 
a  small  bucket  h.  To  the  other  end  of  the  thread  is 
fastened  the  hook  x. 
prejiared  in  the  man- 
ner presently  to  be 
described,  it  is  held 
in  the  forceps  a, 
by  the  end  of  the 
femur,  and  the  hook 
X  is  passed  through 
the  tendo  Achilles. 
The  distance  be- 
tween the  two  pil- 
lars being  then  re- 
giilated,  and  the 
bucket  being  weighted  by  some  small  shot,  the 
muscle  as  so  stretched  that  the  slightest  movement  of 
it  will  act  on  the  pulley  and  raise  the  disc  in  the 
direction  of  the  ai-row.  By  means  of  a  binding  screw 
s'  at  the  forceps,  and  a  little  screw  at  a;,  wii-es  can  be 
connected  for  stimulating  the  muscle  to  contraction  by 
a  current  of  electricity. 

The  nerve -muscle  preparation  is  the  one 
generally  adopted  for  experiments  on  muscle.  Kill  a 
frog  by  severing  with  scissors  the  spinal  cord  at  the 
back  of  the  head,  and  destroy  reflex  actions  by  passing 
a  needle  up  into  the  brain,  and  down  the  spinal  canal. 
Separate  the  lower  limbs  from  tlie  trunk  by  cutting 
through  with  scissors  at  tlie  middle  of  the  back. 
Seize  the  backbone  with  finger  and  thumb  of  left 
hand,  catch  the  loose  skin  with  the  right,  and  strip 
the  skin  right  down  off  the  limbs.  Turn  the  back  of 
one  thigh  up,  and  with  finger  and  thumb  on  each  side 
separate  the  outer  and  inner  divisions  of  muscles 
along  the  line  of  a  wt'll-mai-lced  furrow  which  divides 
them.     The  sciatic  nerve  will  then  be  revealed  as 
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a  white  cord  passing  down  between  the  muscles. 
Keeping  he  muscles  separate,  with  the  point  of  a 
scalpel,  by  a  slight  stroke  here  and  there,  and  without 
touching  the  nerve,  divide  the  fascia  in  which  the  nerve 
is  imbedded  till  it  is  completely  shown   from  its 
division  just  behind  the  knee-joint  up  to  the  place 
where  it  disappears  between  ilium  and  coccyx.  With 
scissors  cut  through  the  ilium  and  the  muscles  of  the 
back  above  it,  keeping  well  to  the  outer  side,  and,  by 
turning  over  the  flap  left  connected  with  the  vertebral 
column,  the  nerves  from  which  the  sciatic  is  derived 
will  be  seen.    By  clearing  away  the  coimective  tissue 
a  long  stretch  of  nerve  from  the  lumbar  region  right 
down°to  the  knee  is  obtained.    Reflect  this  stretch  of 
nerve  over  the  gastrocnemius  muscle;  then,  holding 
by  the  foot,  with  the  scalpel  scrape  the  femur  clean  of 
muscle,  and  cut  it  through  just  below  the  head. 
With  the  point  of  the  scalpel  pierce  a  small  slit,  to 
admit  the  hook  of  the  muscle  telegraph,  through  the 
tendo  Achilles.    Separate  the  tendon 
from  the   foot  below    this,   and  by 
pulling  on  the  tendon  separate  the 
gastrocnemius  from  the  muscles  below 
it  up  to  the  knee.    Snip  through  the 
leg  bones  just  below  the  knee,  avoiding 
all  injury  to  the  nerve.    Thus  there  is 
obtained  the  gastrocnemius  M  (Fig.  36), 
with  the  long  piece  of  nerve  N  at- 
tached, the  whole  depending  from  the 
Fig.  36.  — Nerve-  femur  F,   by  means    of    which  the 
^aration         muscle  Can  be  clamped  in  the  forceps 
'        of  the  muscle  telegraph,  while  the  hook 
of  the  telegraph  can  be  passed  through  the  opening 

I  in  the  tendon. 

Diflcieiicc  l>ot\voeii  contimioiis,  inlei- 
iiiptcd,  and  induced  run  rnts.— This  may  be 
stucUed  with  the  aid  of  the  muscle  telegraph.  Make 
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the  muscle  preparation,  and  adjust  it  in  the  teleo-raph 
.    as  described.    Take  a  Daniell's  element,  and  cany 
one  wire  from  the  positive  pole  to  one  side  of  the 
friction  key  (Fig.   29);    from  the  same  side  take 
another  wire  directly  to  the  screw  s  of  the  forceps  of 
the  telegraph.     Connect  the  negative   pole  of  the 
Darnell  with  the  opposite  side  of  the  key,  and  from 
that  side  take  a  wire  to  the  hook  in  the  tendo 
Achilles.    When  the  key  is  closed  the  current  is 
short-cu'cuited ;   when  open,  it  passes  throu-h  the 
muscle.    It  will  now  be  noticed  that  on  opening  and 
closing  the  key,  that  is,  on  sending  the  current  throuo-h 
the  muscle  and  on  interrupting  it,  varying  effects  a^-e 
observed.     frequently  there  is  only  a  feeble  con- 
traction of  the  muscle,  shown  by  slight  movement  of 
the  telegraph  signal;    the   contraction  is  generally 
more    marked    on   interrupting  the    current ;"  but 
while  the  current  flows  steadily  through  tho  muscle 
no  effect  is  apparent.    Doubtless  during  the  passage 
of  the  current  chemical  changes  are  occasioned,  and 
as  will  be  seen  m  chap,  viii.,  the  excitability  of  the 
nerve  is  altered;    but  no  contraction  occurs  In 
other  words,    (1)   „    continuous    currmt    does  not 
stimulate    to    coMra^tion,  tvhile  (2)  an  interrupted 
current   does.     Next,    connect    one    pole    of  the 

(i^ig.  2..),_and  the  other  pole  to  one  side  of  a  simiJe 

to  s  .  _  By  closing  the. key  the  current  is  sent  round 

,  '  r''™''y{  '""'^  ^'''\  ^  «i"gle  induction  current  or 
shock  IS  obtained,  and  the  same  on  op.miiu^  Now 
can-y  the  wires  from  the  secondary  coi\,  one  to  the 
forceps,  and  the  ofhor  to  the  hook.'  On  opening  the 
2  fu''"^'"''  vigorous  contraction  of  the  muscle  occurs 

cm^ents^      The  arrangements  for   this  experiment 
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will  be  made  still  more  complete  if  a  key  be  inter- 
posed in  short-circuit  in  the  circuit  of  the  secon- 
dary wires ;  that  is  to  say,  connect  the  secondary 
wires  one  to  each  side  of  the  friction  key,  and  from 
each  side  of  the  key  carry  wires  to  the  muscle.  In 
order,  then,  to  stimulate  the  muscle  the  secondary  key 
must  be  opened  before  the  primary  circuit  is  estab- 
lished or  interrupted.  The  advantage  of  this  is  that, 
e.q.  when  the  shock  due  to  establishing  the  primary 
circuit  has  beeu  given  to  the  muscle,  the  shock  of 
interruption  may  be  .spared  it,  if  desii-ed,  by  closing 
the  sccondaiy  key,  and  so  shoi-t-circuiting  the  induced 
current  before  the  primary  circuit  is  broken. 

Thus  it  is  apparent  that  stimulation  is  caused 
by  sudden  changes  in  the  strength  of  a  current. 
Tlie  change  may  be  effected  by  interruption  of  a 
continuous  stream,  but  induced  currents  excel  by  the 
abruptness  of  their  attack.  For  the  same  reason,  in 
an  ordinary  induction  apparatus  the  induced  shock  of 
closure  is  less  irritating,  because,  owing  to  the  actim 
of  the  extra  current,  its  maximum  is  gradually 
acquired,  while  the  induced  shock  of  opening  is  more 
stimulating  because  there  is  nothing  to  diminish  its 
suddenness. 

By  a  modification  of  the  arrangements  a  fourth 
mode  of  stimulating  muscle  is  obtained.  Attach  tlie 
positive  pole  of  the  element  to  the  pillar  K  of  the 
inductoriuin  (Fig.  23),  and  the  negative  pole  to  a 
simple  key,  the  second  wire  from  the  key  going  to  t.ie 
bindmg  screw  z.  Let  the  other  arrangements  be  as 
before.  This  throws  into  action  the  Wagner  hammer, 
or  interrupter,  and  as  soon  as  the  jirimary  key  has 
been  closed,  the  screw  s'  being  properly  adjusted,  the 
primary  circuit  is  rapidly  opened  and  closed  by  the 
movements  of  the  hammer.  This  produces  a  rapid 
series  of  induced  shocks,  M-hich,  on  opening  the 
secondary  key,  go  to  the  nniscle.  and  irritat-o  it  so 
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strongly  that  it  is  thrown  into  tetanic  contraction. 
In  other  words,  it  has  not  time  to  relax  after  one 
contraction  before  another  shock  is  received.  The 
contraction  is  therefore  continuous,  and  the  muscle  is 
rigid.  In  all  these  experiments  the  current  has  been 
sent  through  the  muscle  itself.  This  is  called  direct 
stimulation  of  muscle.  The  same  expei'iments 
should  be  repeated,  using  indirect  stimulation,  that 
is,  stimulating  through  the  nerve.  For  this  purpose 
detach  the  wires  going  to  the  forceps  and  the  hook  of 
the  telegraph,  and  attach  them  to  the  binding  screws 
of  the  platinum  electrodes  (Fig.  34).  By  means  of  a 
camel-hair  pencil,  moistened  with  saliva,  lift  the  nerve 
hanging  from  the  muscle  preparation,  and  adjust  it 
over  the  points  of  the  electrodes,  the  muscle  being 
secured  in  the  telegraph  as  before.  Let  the  nerve  be 
kept  from  drying  by  being  moistened  with  saliva  by 
the  brush.  See  that  the  nerve  touches  each  electrode. 
The  space  between  the  two  points  of  contact  should 
be  small.  The  nerve  may  in  this  way  be  stimu- 
lated as  the  muscle  was. 

DiflTerence  between  direct  and  indircrt 
stimulation. — Make  a  muscle-nerve  preparation, 
fix  it  in  the  telegraph,  and  stretch  the  nerve  over  the 
platinum  electrodes,  or  use  the  moist  stimulation 
tube  (page  61).  Connect  a  Daniell's  cell  with  the 
screws  of  the  inductorium,  so  as  to  give  single  induc- 
tion shocks,  and  interpose  a  simple  key,  as  described 
on  page  57.  Take  the  wires  from  tlie  secondary  coil 
to  cups  1  and  2  of  the  commutator  (Fig.  33).  From 
cups  3  and  4  take  two  wires,  and,  for  the  sake  of  dis- 
tinction, let  them  be  covered  with,  say,  red-coloured  in- 
sulating material,  and  connect  them  with  the  force])S 
and  the  hook  of  the  telegraph,  so  that  the  current  will 
stimulate  directly.  From  cups  5  and  6  connect  green- 
covered  wires  to  the  electrodes,  so  that  the  current 
will  stimulate  ivdirrrtly.     Take  out  the  cro.'is  of  the 
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commutator.     When  the  commutator  inclines  down 
towards  3  and  4,  direct  stimulation  is  employed  ;  when 
it  is  reversed,  indirect  stimulation.    When  the  bridge 
is  placed  quite  horizontal,  the  arcs  touch  on  neither 
side  ;  no  current  passes,  and  so  the  commutator  also 
acts  as  a  key.    Now  remove  the  secondary  coil_  of  the 
induction  machine  along  its  roadway  to  some  distance 
from  the  primary  ;  incline  the  commutator  bridge  so 
as  to  stunidate  directly,  and  slowly  approximate  the 
secondary  coil  to  the  primary,  opening  and  closing  the 
primary  key  meanwhile.     For  a  considerable  time  no 
effect  will  be  produced,  and  it  is  not  till  the  secondary 
is  near  to  the  primary  coil  (probably  at  a  distance  of 
about  16  centimetres  on  the  scale)  that  contraction 
of  the  muscle  is  noted  on  opening  (interrupting  the 
current),  while  very  likely  the  secondary  will  requu-e 
to  be  a  half  nearer  the  primary  coil  (8  cc.)  before 
contraction  on  closing  is  noted.    Now,  the  key  bemg 
open,  reverse  the  commutator,  so  as  to  send  the 
current  to  the  nerve  ;  remove  the  secondary  coil,  and 
repeat  the  manceuvre  of    approximating  it  to  the 
primary,  opening  and  closing  the  key  the  while,  it 
will  then  be  found  that  the  secondary  coil  at  a  much 
greater  distance  from  the  primary,  perhaps  70  cc, 
.rives  a  shock,  on  opening,  sufficient  to  cause  contrac- 
tion and  a  little  nearer  produces  a  closing  contraction. 
By  a  similar  arrangement,  the  greater  stimulating 
eflect  of  a   tetanising   current,  when   applied  me- 
diately by  the  nerve  rather  than  immediately  to  the 
muscle,  can  be  shown. 

Pflueger's  trip-3»ammcr,  or  iali-hammer. — 
An  obiection  to  the  accuracy  of  this  comparison  be- 
tween opening  and  closing  shocks  is,  that  one  cannot 
be  sure  that  the  opening  and  closing  are  efiected  b> 
the  use  of  an  ordinary  key  with  equal  suddenness, 
for  slight  differences  in  the  quickness  of  movement  ot 
the  key  would  produce  a  varying  abruptness  in  the 
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production  of  the  induced  currents,  to  which  the 
different  effects  miglit  be  due.    To  meet  and  obviate 
this  objection, 
Pflueger  devised 
the  trip-hammer 
(Fig.  37). 

An  ebonite 
stand  E  supports 
two  brass  up- 
right pillars  dd, 
which  carry  two 
electro-magnets  k 
K.  A  hammer- 
head of  soft  iron 
3  is  fixed  at  the 
end  of  a  steel 
arm  h,  movable  on 
is  raised,  it  touches 


Fig.  37.-Pfluegei's  Trip-Haramer. 


an  axle  e.     When  the  hammer 
the  under  surface  of  the  electro- 
magnets, and  is  retained  by  them  there, -]irovided  a 
current  be  passing  round  them  to  magnetise  them 
Ihe  axle  e  is  in  connection  with  the  binding  screw  c 
Ihe  hammer  has  a  platinum-pointed  brass  hook  m 
attached  to  it,  and  when  the  head  falls,  owing  to  the 
demagnetisation  of  the  electro-magnets,  the  hook  dips 
into  a  cup  of  mercury  x,  which  also  has  a  bindincr 
screw  connected  with  it.    oJh  is  a  little  spring-catch  foi- 
securely  retaining  the  hammer  when  it  has  fallen.  In 
the  front  of  the  apparatus  is  a  brass  lever  p,  poised 
about  Its  middle,  on  the  axis  connected  with  the 
binding  screw  t.     One  end  of  the  lever  projects  for- 
wards, and  rests  on  the  screw-point  r  ;   the  other  end 
q  projects  behind  under  tlie  hammer-head.  Now 
suppose  a  current  coming  by  a  wire  to  r,  it  will  imss 
along  tlie  lever  to  the  axle,  and  off  by  a  wire  at  I 
i^et,  however,  the  hammer-head  be  released  by  demacr- 
netm  ion  of  the  electro-magnets,  it  will  fall  on  the  end 
q  ot  tlie  lever,  depress  it,  and  raise  th«  other  end  so 
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as  to  break  contact  with  R,  and  thus,  by  the  fall  of  the 
hammer,  the.  current  ivill  he  interrupted.  Secondly, 
let  one  electrode  from  an  element  be  attached  to  c  at 
the  other  end  of  the  instrument,  and  let  the  second 
electrode  be  attached  to  the  screw  in  comiection  with 
the  mercury  cup.    The  current  would  pass  from  c  up 
the  handle  of  the  hammer  to  the  hammer-head,  and 
when  the  head  fell,  would  pass  by  the  hook  m  through 
the  mercury,  and  off  by  the  wii'e  in  connection,  bo  that 
by  the  fall  of  the  hammer  this  current  would  be  es- 
tablished.   In  other  words,  by  the  fall  of  the  hammer 
the  circuit  at  R  would  be  opened,  and  that  at  x  closed. 
Thus,  suppose  these  currents  to  be  sent  round  the 
primary  coil  of  an  induction  machine,  the  secondary 
wires  of  which  were  connected  with  a  muscle,  by  the 
fall  of  the  hammer  an  opening  or   a  closing  shock 
would  be  given  to  the   muscle,  and   the  opening 
or  closing  would  be  effected  with  the  same  sudden- 
ness   in    each    case.     The    magnetisation    and  de- 
of   tlie    eleetro-magnets    is  etlectecl 
by    a  Daniell's 
element  Ei,  con- 
nected with  the 
coils  of  ^vire  by 
means    of  bind- 
ing screws,  a  key 
or  commutator, 
ivith  cross,  being 
interposed.  A 
Daniell    is  used 
-  w--.  because  it  is  just 

Fie    38. -Arrangement  of  Apparatus  with   „„(4;ci(5nt  tO  hold 
Pfiuegor'sTHp-Hammer.  ^^^^  ^^^^^^^^^^^ 

and  consequently  there  is  no  delay  in  the  hammer 
dropping  on  interrupting  the  current.    The  an  ange 
n,ent  of  the  apparatus  is  shown  in  F^g-  38.  s 
the  element  supplying  the  electro-magnets  the 


magnetisation 
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commutator  c,  with  cross,  being  interposed.  Tlie  only 
advantage  of  c  over  a  key  is,  that  by  simply  inclining 
the  bridge  from  one  side  to  the  other,  Ei  m  are  demag- 
netised for  an  instant,  and  so  the  hammer  falls,  and  E  -m 
are  immediately  remagnetised ;  so  that,  to  repeat  the 
experiment,  one  requires  only  to  raise  the  head  again. 
El  is  the  element  for  the  primary  coil  i,  and  is  so 
connected  with  s  and  s'  through  the  medium  of  L,  that, 
as  already  explained,  the  fall  of  the  hammer-head 
breaks  the  cii'cuit.  11  represents  the  secondary  coil, 
whose  wires  can  be  led  to  muscle  telegraph  or  elec- 
trodes, as  in  former  experiments.  The  second  circuit 
at  Hffl  ^md  ax  is  not  represented,  for  the  sake  of 
simplicity.  It  is  simply  a  repetition  of  Ei  s  s',  so 
arranged  that  the  fall  of  H  closes  the  primary  circuit. 

Pflueger' s  hammer 
can  thus  be  arranged  so 
as  to  yield  only  an 
opening  induction  shock, 
or  only  a  closing  one, 
according  to  the  two 
binding  screws  used. 

The  nietroiiome. — 
By  using  the  ordinary 
interrupter  of  the  in- 
duction coil,  it  is  not 
possible  to  estimate  the 
number  of  shocks  given 
to  a  muscle  in  a  given 
time.  This  it  is  desir- 
able to  do,  to  determine 
what  rapidity  is  neces- 
sary   for  the    production  Fi;?.  39. -The  Metronome. 

of   tetanus.      By  an 

adaptation  of  the  instrument  used  in  music  for 
beating  time,  the  metronome,  this  can  be  done,  ami 
the  rate  of  speed  at  which  tho  shocks  follow  one 
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another  can  also  be  regulated  by  it  to  a  large  ex- 
tent. The  metronome  (Fig.  39)  consists  of  a  box 
containing  clockwork,  which  causes  the  oscillations 
of  a  rod  t.  The  rod  carries  a  small  weight  c,  which 
may  be  moved  doAvn  the  rod,  causing  the  rod  to 
oscillate  faster,  or  up  the  rod,  when  it  will  beat  more 
slowly.  A  scale  fixed  behind  has  marked  on  it  the 
numlaer  of  oscillations  per  minute,  corresponding  to 
different  heights  of  the  weight.  On  a  little  shelf  at 
the  side  of  the  metronome  is  a  cup  of  mercury  into 
which  dips  one  of  the  wires  h  of  the  primary  circuit 
of  the  inductorium.  The  other  wire  a  is  connected 
by  a  binding  screw  with  the  oscillating  rod.  The  rod 
carries  a  projecting  wire  g,  which,  with  one  oscilla- 
tion, is  dipped  into  the  mercury,  forming  the  circuit, 
and  with  the  next  is  carried  out  of  it,  breaking  the 
circuit.  Thus  a  definite  number  of  contacts  per 
minute  can  be  easily  arranged,  and  consequently  a 
definite  number  of  single  induction  shocks. 

Secondary  contraction. — An  arrangement  for 
showing  a  very  interesting  experiment  is  represented 
in  Fig.  40.  Two  muscle  telegraphs  Fi  and  F2  are  so 
placed  that  the  muscle  preparations  fixed  in  them  are 
brought  close  to  one  another.  The  muscle  m\  of  the 
first  telegraph  is  prepared  without  the  nerve,  that  of  the 
second  m2  with  the  nerve.  The  nerve  of  «i2  is  so  laid 
over  mi  that  part  touches  the  tendon  of  m\  and  part 
the  muscular  fibres,  mi  has  attached  to  it  wires  from 
a  secondary  coil  ii,  the  primary  of  which  receives  a 
current  arranged  for  single  shocks  from  a  Darnell,  a  key 
X  being  interposed,  as  shown  in  the  figure.  Muscle 
2  receives  no  current.  Then,  by  slowly  approximating 
the  secondary  to  the  primary  coil  and  opening  and 
closing  the  key,  a  place  will  be  found  where  a  single 
shock  produces  not  only  contraction  of  _  mi  but  ot 
mi  also.  The  explanation  is,  that  certain  electrical 
variations  in  mi,  discussed  in  chapter  ix.,  produced  by 
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contraction,  create  a  difference  of  potential  between 
the  part  of  the  nerve  tliat  touches  the  tendon  and  the 
part  touching  the  mtiscle  fibre  of  m\,  and  this  ditTerence 
of  potential  irritates  the  nerve  of  to2,  causing  its 
contraction.    Further,  if  the  nerve  of  mi  be  laid  on 


Fig.  40.— Arrangements  for  showing  Secondary  Contraction  of  Muscle. 

mi  without  any  precaution  as  to  position,  and  m2 
tetanised,  ni2  will  be  thrown  into  tetanus  also. 

Mechanical  stimulation  of  nerve  may  be 

effected  by  pinching  the  nerve,  pricking,  or  beating 
it,  a  contraction  of  the  muscle  resulting.  An  electro- 
magnetic arrangement  for  producing  tetanus  by  a  rapid 
series  of  such  mechanical  irritation.s  was  devised  by 
Heidenhain,  and  is  called  the  tetanometer.  It  is  a 
modification  of  the  Wagner  hammer  described  on  page 
43,  and  is  shown  in  Fig.  41.  It  consists  of  a  block 
of  ebonite,  on  which  there  stands  erect  an  electro- 
magnet, consisting,  as  usual,  of  two  soft  iron  cores 
wound  round  with  insulated  coils  of  moderately  thick 
copper  wire,  so  wound  that  on  the  passage  of  a  current 
the  two  pillars  become  like  a  horse-shoe  magnet,  of 
which  one  is  north  pole,  the  other  south.  The"  keeper 
of  this  magnet  is  a  piece  of  soft  iron  l,  which  has 
attached  to  it  the  lever  /iLS"i.   The  lever  is  supported 
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on  a  brass  column  by  the  axle  a.  The  electro.-magnet 
is  connected  with  the  brass  support  of  the  arm  k, 
which  can  be  caused  to  make  or  break  contact  with 
the  screw  z  by  moving  it  with  the  insulated  handle  h. 
The  lever  has^  on  its  upper  surface  a  steel  spring  i, 

bearing  a  small 
platinum  plate  which 
presses  against  the 
platinum  point  of 
the  screw  s^,  of  the 
brass  column  s.  The 
screw  s"  regulates 
the  pressure  of  the 
jDlatinum  plate 
against  the  platinum 
point.  The  other 
end  of  the  lever 
carries  a  wedge- 
shaped  piece  of 
downwards,  suspended 
which  has  a  deep 
be  raised  up  to  the 
the  screw  sc .  To 
a  frog  is  taken,  the 
as  long  as  possible, 
The  muscles  of  the 


Pig.  41. — Heidenliain's  Tetanometer. 


ivory  A, 
above  a 


lever 


or 


with  the  thin  edge 
little  ivory  support  t, 
This  ivory  support  can 
lowered  from  it  by 
use  the  apparatus,  the  limb  of 
sciatic  nerve  is  dissected  out 
and  laid  over  the  gastrocnemius, 
thigh  are  then  cleared  away,  and  the  femur  snipped 
through  below  the  head.  The  limb  is  fixed  by  the 
femur  in  a  pair  of  forceps  ;  a  fine  silk  thread  is  tied  to 
the  end  of  the  nerve,  and  by  its  means  the  nerve  is 


laid  through    the  notches  li    across  the 


of 


the  ivory  support  t,  and  attached  to  the  ivory  axle  a. 
By  turning  this  axle  the  nerve  can  be  pulled  through 
the  notches  so  as  to  bring  a  fresh  piece  across  the 
groove.  One  pole  of  an  element  is  connected  to  the 
screw  s^^  and  the  other  to  z.  The  current  passes  up  s 
to  the  screw  point  s,  along  the  lever  down  the  column 
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K,  then  to  the  electro-magnets,  and  from  there  to 
the  brass  support  of  A,  and  by  the  arm  K  to  z,  if  the 
bridge  be  lowered.  When  the  electro-magnet  acts  and 
attracts  the  keeper  l,  the  contact  between  and  the 
platinum  plate  is  broken  and  the  current  is  interrupted. 
The  lever  then,  aided  by  its  spring  sp,  flies  back  and 
renews  contact  with  s,,  and  so  the  current  is  re-formed, 
and  immediately  afterwards  again  broken  by  the 
electro-magnets.  By  this  means  the  little  ivory 
hammer  A,  when  the  apparatus  is  properly  adjusted,  is 
kept  beating  on  the  nerve  in  the  groove.  The 
attached  limb  is  in  consequence  thrown  into  tetanus. 
When  the  piece  of  nerve  in  the  gi'oove  is  beaten 
through,  a  fresh  piece  is  brought  in  by  turning  the 
axle  A. 

Bernard's  woorara  experiment  is  de- 
signed to  prove  the  Hallerian  doctrine  that  irritability 
is  inherent  in  muscular  tissue  ;  that  is,  that  muscular 
tissue  can  be  made  to  contract  by  the  direct  application 
of  other  than  nervous  stimuli.  For  this  purpose  a 
drug  obtained  from  South  America,  and  called  the 
Indian  arrow  poison,  woorara,  curara,  or  urari,  is  used, 
because  it  paralyses  the  terminations  of  the  motor 
nerves.  Five  grains  of  the  crude  drug  are  rubbed 
up  with  a  little  weak  sfjirit  in  a  mortar,  and  five  drops 
of  glycerine  and  three  drachms  of  distilled  water  are 
added.  Of  this  solution,  six  minims  (equal  to  about 
■gig-th  of  a  grain)  are  injected  by  a  hypodermic  syringe 
under  the  skin  of  a  frog.  In  a  short  time  the  muscles, 
first  those  of  the  limbs,  then  those  of  the  trun  k,  become 
paralysed,  and  the  frog  lies  flat  out.  The  frog  is  then 
decapitated,  and  the  usual  nerve-muscle  preparation 
made,  and  fixed  in  a  muscle  telegraph.  A  nerve- 
muscle  preparation  from  an  unpoisoned  frog  is  next 
made  and  fixed  in  another  telegraph  placed  in  line 
with  the  first.  The  best  arrangement  is  to  have  a 
double  telegrapli,  in  which  there  is  only  one  forceps  for 
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the  muscles,  but  a  flag  arrangement  on  each  side  of  it. 
The  two  muscles  are  thus  clamped  in  the  same  forceps, 
but  are  directed  opposite  ways,  so  that  the  tendo 
Achilles  of  one  is  fixed  to  the  thread  passing  over  the 
pulley  of  the  signal  at  one  side,  and  that  of  the  other  is 
fixed  to  the  pulley  of  the  other  side.  The  nerve  from 
each  preparation  is  laid  over  the  same  platinum 
electrodes.  Wires  from  the  secondary  coil  of  an  in- 
ductorium  are  led  to  the  middle  cups  of  a  commutator 
tuithout  the  cross.  From  one  side  of  the  commutator 
wires  proceed  to  the  platinum  electrodes  ;  from  the 
other  side  wires  are  carried  directly  to  the  muscles,  one 
wire  being  attached  to  the  hook  in  the  tendon  of  each 
muscle.  Thus,  when  the  commutator  is  laid  over  to 
the  one  side,  the  induction  current  is  sent  to  the 
nerves  ;  when  it  is  reversed,  the  current  passes  straight 
through  both  muscles.  First,  then,  stimulate  by  the 
nerves.  It  is  found  that  only  the  muscle  of  the  un- 
poisoned  frog  contracts,  then  stimulate  the  muscles 
directly  and  both  contract.  The  muscle,  therefore,  whose 
motor  nerves  have  been  destroyed  is  still  capable  of  re- 
sponding to  a  stimulus  by  contraction.  Another  way 
of  performing  the  experiment  is  to  ligature  the  artery 
of  one  limb  of  a  frog,  or  simply  tightly  ligature  one 
limb  at  the  upper  part,  and  then  inject  the  woorara 
solution  under  the  skin  of  the  back.  The  ligatured 
limb  receives  no  poison.  In  about  half-an-hour  the 
frog  is  paralysed  with  the  exception  of  the  ligatured 
limb.  Make  two  preparations  M'ith  the  two  limbs,  and 
it  is  found,  as  before,  that  while  both  muscles  respond 
when  directly  stimulated,  only  one  responds  when  the 
stimulus  is  applied  to  the  nerves. 


CHAPTER  VIII. 


ELECTROTONUS. 

The  qualities  of  a  nerve  are  found  to  be  altered  by 
the  passage  through  it  of  a  current  of  electricity.  To 
the  altered  state  of  the  nerve  Du  Bois-Reymond  ap- 
plied the  term  electrotonus,  first  used  by  Faraday 
to  denote  the  molecular  disturbance  produced  in  a 
\vire  subject  to  induction.  One  of  the  most  important 
changes  is  in  the  nerve's  excitability.  The  subject  is 
one  of  extreme  dithculty,  and  at  the  same  time  of 
great  interest ;  and  in  this  chapter  some  of  the  ex- 
periments connected  with  the  subject  will  be  given  in 
detail,  in  the  hope  that  they  may  enable  the  student 
more  easily  to  pursue  in  other  works  the  theoretical 
portion  of  the  subject. 

The  liieocoi-d  (pt'os  =  a  stream  ;  x^P^  =  a  cord). 
— The  effects  produced  by  the  electrotonic  state  of  a 
nerve  depend  to  a  considerable  extent  on  the  strength  of 
the  constant  cun-ent  used  to  produce  the  condition  ; 
and,  consequently,  some  apparatus  is  required  by  means 
of  which  the  current  strength  may  be  varied  at  pleasure 
and  with  rapidity.  Sucli  an  apparatus  is  the  rheocord 
of  Da  Bois-Reymond  (Fig.  42).  It  is  formed  of  a 
block  of  wood,  near  one  end  of  which  there  runs  a 
transverse  plate  of  ebonite,  the  shaded  portion  of  the 
figure.  On  this  plate  of  ebonite  are  seven  brass 
plates  (white  in  the  figure),  separated  from  one 
another  by  a  space.  Each  of  these  plates  has  a  semi- 
circular piece  cut  out  of  each  side.  The  semicircular 
gap  of  two  opposing  plates  forms  a  round  hole,  into 
which  a  brass  plug,  with  an  ebonite  top,  can  be  in- 
.scrted  to  form  a  metallic  connection  between  tlie 
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plates.  These  holes  exist  between  all  the  plates, 
except  between  the  first  two,  and  when  all  the  plugs 
are  inserted  the  separated  brass  plates  become,  so  far 
as  the  conduction  of  a  current  is  concerned,  one  con- 
tinuous brass  plate.  From  the  first  plate  of  brass  at 
a  there  runs  a  platinum  wire,  over  one  metre  long. 
It  goes  nearly  to  the  other  end  of  the  block  of  wood, 
and  terminates  at  a  screw  at  h,  after  passing  over  an 


Fig.  42.— Eheocord  of  Du  Bois-Eeymond. 


ivory  knife  edge.  From  the  second  plate  at  c  another 
similar  wire  runs  parallel  to  the  first,  ending  at  d. 
Stretching  along  the  side  of  the  block  of  wood  from  ac 
to  the  ivory  knife  edge  is  a  raised  rail  of  wood,  which 
supports  a  little  brass  platform  s,  the  one  being  dove- 
tailed on  to  the  other,  so  that  they  cannot  be  separated, 
but  so  that  the  platform  can  slide  along  the  rail  from  one 
end  to  the  other.  The  platform,  or  slider,  as  we  shall 
now  call  it,  carries  two  little  hollow  cylinders  of  steel 
shaped  like  conical  bullets,  with  the  pointed  ends 
directed  to  the  brass  plates.  The  cylinders  are  filled 
with  mercury,  and  closed  at  the  wide  end  by  corks. 
The  platinum  wires  pass  through  them  by  means  of  a 
little  hole  in  the  pointed  end  and  a  small  openmg  m 
the  centre  of  the  corks.  When  the  slider  is  brought 
close  up  to  the  brass  plates,  the  pointed  extremities  of 
the  cylinders  make  contact  with  the  first  and  second 
ijlates,  between  which,  as  already  noted,  there  is  no 
space  cut  out  for  a  connection  by  a  brass  plug.  U  he 
.slider,  therefore,  establishes  the  connection,  forming 
by  its  steel  cylinders  in  contact  with  one  another  and 
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with  the  plates  a  bridge,  over  wliich  the  electricity  may 
pass  from  the  one  plate  to  the  other. 

When,  however,  the  slider  is  pushed  along  its  rail, 
the  current  can  only  get  across  from  the  first  plate  to 
the  second  by  passing  down  one  wire  to  reach  the 
bridge,  crossing  it,  and  so  gaining  the  second  platinum 
wu-e,  by  which  it  passes  back  to  the  second  plate. 
The  farther  the  slider  is  pushed  in  the  direction  of 
the  ivory  knife  edge,  the  longer  road  has  the  current 
to  travel  before  it  can  pass  from  the  first  to  the  second 
plate,  and  the  greater  resistance  it  encounters  on  the 
way.    A  millimetre  scale  pasted  along  the  side  of  the 
rail  indicates  the  distance  between  the  slider  and  the 
brass  plates.    Now,  suppose  a  current,  brought  to  the 
binding  screw  a,  has,  by  passing  over  the  bridge, 
reached  the  second  plate,  it  may  pass  directly  across  to 
the  third  plate,  provided  a  brass  plug  be  inserted 
between  the  second  and  third.    If  this  brass  plug  be 
removed,  the  current  is  not  stopped,  for  there  is 
attached  to  the  under  edge  of  the  second  plate  a 
German  silver  wire  (indicated  by  the  dotted  line  in 
the  figure)  which  is  sunk  in  the  wood,  and  passes 
along  a  considerable  way  to  reach  a  pulley  1,  I'ound 
which  it  turns,  and  goes  back  to  reach  the  under  edge 
of  the  third  plate,  opposite  to  the  second.    This  wire 
affords,  therefore,  a  sort  of  underground  pathway 
connecting  the  second  and  third  plates,  along  which 
the  current  may  travel,  when  the  removal  of  the 
plug  prevents  it  passing  straight  across.    But  this 
underground  pathway  offers  much  more  resistance 
than  the  brass  plug.    It  is  of  the  same  lengtli  as  one 
of  the  side  platinum  wii-es.     Similarly  between  the 
third  and  fourth  brass  plates  there  is  an  underground 
road  round  the  pulley  1',  of  the  same  length  as  that 
round  1.    Between  the  fourth  and  fifth  plates  another 
German  silver  wire  passes  i-ound  pulley  2  ;  it  is  twice 
the  length  of  the  first,  and  tliorefore  offers  double  the 


8o 


PiivstoLociCAL  Physics.      [Chap.  viii. 


resistance.  Between  the  fifth  and  sixth  plates  is  a 
similar  wire,  but  five  tiuies  the  length  of  the 
first,  while  that  between  the  sixth  and  seventh  is  ten 
times  that  of  the  first. .  Suppose,  therefore,  a  current 
enters  at  a,  if  the  slider  is  pushed  close  up  to  the 
brass  plates,  and  all  the  plugs  are  in,  no  resistance 
will  be  offered  to  the  passage  of  the  current 
straight  across  to  the  binding  screw  at  f ;  but  then, 
by  pushing  the  slider  up  towards  the  knife  edge,  and 
aftei'wards  by  removing  one  plug  after  another  so  as 
to  cause  the  current  to  traverse  the  German  silver 
wires  also,  a  gradually  increasing  amount  of  resistance 
may  be  interposed  in  the  pathway  of  the  current. 
The  resistance  may  also  be  varied  at  pleasure  by 
altering  the  position  of  the  slider,  inserting  some 
plugs  or  removing  othex-s. 

The  rheocord  must  always  be  connected 
in  short  circuit. — Thus,  in  Fig.  42,  let  e  be  the 
element ;  bring  two  wires  from  it,  one,  to'  to  a,  at  one 
side,  the  other,  to  /,  at  the  other  side,  of  the  rheo- 
cord, interposing  a  simple  key  x  on  the  way.  From  a 
take  a  wire  to  the  apparatus,  App,  to  which  the 
current  is  to  be  sent  (the  nerve  to  be  electrotonised), 
and  from  App  bring  a  wire  A-  back  to  the  rlieocord 
aty.  Now  when  the  current  from  the  battery  reaches 
a  it  has  two  pathways ;  it  may  go  straight  through 
the  rheocord  and  back  to  the  battery  (be  short-circuited, 
in  fact),  or  it  may  go  off"  by  U  round  App,  and  back 
by  W  to  f,  thence  by  back  to  the  battery,  or  part 
may  go  through  the  rheocord,  and  part  round  App. 
The  course  it  takes  depends  on  the  resistance  of  the 
two  circuits.  When  the  slider  is  home,  and  the 
plugs  in,  the  resistance  of  the  rheocord  is  practically 
nil  as  compared  with  that  offered  by  even  a  small 
fragment  of  a  nerve,  and  consequentl}-  all  the  current 
will  be  short-circuited. 

By  then  moving  up  the  slider,  and,  if  necessary, 
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removing  the  plugs,  resistance  will  be  interposed  in 
the  short  circuit,  the  result  of  which  will  be  that  the 
current  will  branch  at  screw  e  of  plate  a,  part  going  the 
short  way  and  part  the  long.  The  intensity  of  the 
current  going  to  the  nerve  will  be  proportional  to  the 
resistance  thus  thrown  into  the  short  circuit,  and  it 
can,  therefore,  always  be  regulated  and  measured. 

This  being  understood,  let  us  now  see  what  further 
is  necessary  for  showing  some  of  the  effects  of 
electrotonus  upon  a 
nerve.  A  reference 
to  Fig.  43  will  show 
what  is  required.  The 
figure  shows  the  ordi- 
nary muscle-nerve  pre- 
paration. On  the  upper 
side  of  the  nerve  is  an 
element  connected  by  "v"^ 
its  poles  with  the  side 
cups  of  a  commutator, 
provided  ivith  a  cross. 
From  the  end  cups  pass 

two  electrodes  to    the       Fig.  43.-Scheme  ot  Electrotonus. 
nerve.     When  the 

bridge  of  the  commutator  is  inclined  in  the  direction 
of  the  continuous  arrow,  the  current  will  traverse  the 
nerve  between  the  two  poles  in  a  downward  direction, 
towards  the  muscle,  as  shown  by  the  arrow  above  the 
nerve.  When  the  bridge  is  reversed,  as  indicated  by 
the  dotted  arrow,  the  current  will  be  up  the  nerve,  in 
the  direction  of  the  dotted  arrow  below  the  muscle. 
In  the  former  case,  the  pole  next  tlic  muscle  will  be 
negative,  in  the  latter,  positive.  Now  the  ])ositive 
pole  IS  called  the  anode,  and  the  negative  tlie  katodn, 
and  it  is  found  that  the  electrotonic  condition  of  the 
nerve  is  not  the  same  at  the  positive  and  negative 
poles.    The  condition  at  the  positive  pole  is  therefore 
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called  ANELECTROTONUS,  at  the  negative,  katelectro- 
TONUS.  Further,  the  condition  is  not  limited  to  the 
poles,  but  extends  for  some  cUstance  on  either  side  of 
them.  There  is,  accordingly,  an  area  in  the  neigh- 
bourhood of  the  positive  pole  that  is  in  the  an- 
electrotonic  state,  and,  similarly,  a  katelectrotonic 
area  in  the  neighbourhood  of  the  negative  pole.  On 
the  under  side  of  Fig.  43  are  represented  electrodes 
from  a  secondary  coil,  for  stimulating  at  one  time 
next  the  muscle,  at  another  time  away  from  it. 

When  the  nerve  is  stimulated  between  the  electro- 
tonising  electrodes  and  the  muscle,  the  stimulation 
is  said  to  be  myopolar,  near  to  the  muscle.  hen 
the  stimulus  is  applied  beyond  the  electrotonisuig 
electrodes,  it  is  said  to  be  centro-polar,  near  the 
centre  from  which  the  nerve  proceeds.  The  dotted 
lines  in  Fig.  43  represent  the  stimulatmg  electrodes 
in  the  centro-polar  region. 

Thus  to  show  the  effects  of  electrotonus  on  the 
excitability  of  a  nerve,  the  following  things  are  neces- 
sary (1)  a  constcmt  current  for  throwmg  the  nerve 
intoan  electrotonic  state,  (2)  an  apparatus  for 
varying  the  strength  of  the  current  at  pleasure  the 
rheocord,  (3)  a  means  of  sending  the  constant 
current  at  one  moment  up,  at  another  down,  the 
nerve,  i.e.  a  commutator,  (4)  a  curreut  for  stimu  ating 
the  electrotonised  nerve,  an  induction  current,  (o) 
an  arrangement  for  stimulating  near  or  fai-  from  the 
muscle  at  pleasure,  another  commutator. 

Fig.  44  is  a  diagram  of  the  arrangements  and 
exact  connections.  . 

At  the  upper  right-hand  corner  of  the  figure  is 
the  muscle  telegraph,  with  the  muscle  F-f  ;;^tic,n  M 
fixed  in  the  forcops.  The  nerve  of  m  is  laid  o^  er  the 
electrodes  e/.  These  electrodes  are  shown  m  Fig^  45^ 
Thev  are  formed  of  platinum  wires  stretched  ncioss  a 
li  tie  box  of  ebonite.    The  wires  are  at  least  four 
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in  number,  separated  from  one  another,  and  each 
having  a  binding  screw  outside.  A  current  may 
enter  by  a,  reach  the  nerve,  pass  down  to  the  next  wire, 
and  off  by  the  binding  screw  h.     So  the  constant 


Pig.  44.— Diagram  of  Arraugemeuts  for  Siiowiug  Eft'ects  of  Electro- 
tonus  ou  Exoitaljility. 

current  may  pass  by  the  wires  connected  with  a  and 
6,  and  the  stimulating  current  by  the  wires  connected 
with  c  and  or  vice  versa.  The  little  box  is  covered 
with  a  glass  lid  to  prevent  evaporation,  and  a  piece  of 
wet  blotting  paper  may  be  laid 
in  the  box  to  keep  the  nerve 
moist.  At  the  lower  left-hand 
corner  of  Fig.  44  are  four  G-rove 
cells,  of  a  small  size,  as  used 
by  Du  Bois-Reymond.  From 
the  positive  pole  (  +  )  a  wii-e 
goes  to  one  side  of  the  com- 
mutator    c,     and    from  the 

negative  pole  a  wire  to  the  other  side.  This  com- 
mutator is  sv,pplied  ivith  a  cross.  DC  is  a,  double 
commutator,  formed  of  two  ordinary  commutators,  but 
without  the  cro.9s.  They  stjvnd  side  by  side,  and  ivre 
connected  together  by  an  insulating "  handle,  which 
enables  the  bridge  of  both  to  be  inclined  to  the  same 
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side  at  the  same  time  and  by  the  same  movement. 
K  is  a  simple  mercury  key  interposed  in  the  circuit  of 
the  four  Groves.    At  the  right  side  of  the  figure  is  E, 
a  Daniell's  element,  connected,  for  the  production  of 
tetanus,  with  the    primary  coil   of   the  induction 
machine,  a  key  X  being  interposed.     The  secondary 
coil  II  is  arranged  in  short  circuit  Avith  the  key  Tc. 
To  return  to  the  single  commutator  c.     Wii^es  from  it 
pass  to  the  rheocord  R,  arranged  in  short  circuit. 
The  long  circuit  from  R  goes  by  the  mercury  key  k, 
to  the  left  side  of  the  double  commutator  DC,  the  wire 
from  d  of  the  rheocord  going  through  k  to      of  the 
double  commutator,  and  that  from  c  of  the  rheocord 
going  to  c'  of  the  doiible  commutator.    If  now  the 
bridge  of  the  commutator  c  be  inclined  in  the  direc- 
tion of  the  continuous  arrow,  the  wire  to  c  of  the 
rheocord  is  +,  the  wire  c'  is  then  +,  and  suppose  dc 
inclined  in  the  same  direction,  the  wii-e  from  cup  4 
is  +.     So  that  a  current  going  by  that  wire  would 
reach  the  nerve  by  number  4  wire  of  the  electrodes, 
would  pass  up  to  wire  3,  by  it  back  to  cup  3  of  DC, 
and  back  to  the  battery  by  d\  k,  and  d  of  the  rheo- 
cord ;  that  is,  the  current  would  travel  up^  the  nerve. 
If,  on  the  other  hand,  the  commutator  c  be  inclined  in 
the  direction  of  the  dotted  arrow,  then  the  wire  to  d  of 
the  rheocord,  as  shown  by  -j  - ,  is  +,  the  current  goes 
through  k  to  d',  out  by  3  to  the  electrodes,  and,  in  order 
to  gain  wire  4  and  get  back  to  the  battery,  it  must  go 
doion  the  nerve.    By  the  commutator  c,  loith  its  cros.i 
in,  the  electrotonising  current  is  sent  up  or  down  the 
nerve.     Observe  next  that  the  wires  from  the  key  k'  go 
to  the  cups  a '6'  of  the  right  half  of  DC.    As  already 
noted,  if  the  bridge  of  DC  be  down  towards  3  and  4 
(that  'is,  towards  1  and  2  also,  since  the  two  sides  of 
DC  are  connected  together)  the  current  from  the  Grove 
cells  (electrotonising  current)  will  go  by  the  cups  3  and 
4  to  the  similarly  numbered  wires  of  the  electrodes. 
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and  the  current  from  the  induction  coil  will  go  by  the 
cups  1  and  2  to  these  wires  of  the  electrodes.  In 
other  words,  the  electrotonising  wires  are  3  and  4, 
next  to  the  muscle,  and  the  stimulating  electrodes  are 
1  and  2,  away  from  the  muscle.  The  stimulus,  there- 
fore, is  in  the  centro-polar  region.  But  let  DC  be 
i-eversed,  so  as  to  dip  towards  1'  2'  and  3'  4',  then  the 
electrotonising  current  by  the  wii'es  cV  c'  can  no 
longer  get  to  the  cups  3  and  4,  the  contact  being 
broken,  but  must  go  down  to  the  opposite  cups  1 '  and 
2',  where  it  catches  the  wires  tliat  carry  it  over  to  the 
other  half  of  DC  to  the  cups  1  and  2.  The  wires 
1  and  2,  therefore,  become  electrotonising.  In  the 
.same  way,  the  induction  currents  are  led  down  to 
3 '  and  4 ',  and  from  them  to  3  and  4,  and  so  the  wires 
3  and  4  become  the  stimulating  electrodes.  The  wires 
have,  therefore,  by  reversing  DC,  been  revei'sed,  and 
the  stimulation  would  now  be  applied  by  wires  3  and 
4,  between  the  muscle  and  the  electrotonising  wires, 
in  the  myopolar  region  therefore.  TJbus '  by  reversing 
the  commutator  C,  the  constant  current  is  sent  up  or 
dovm  the  nerve,  and  by  reversing  the  double  commu- 
tnior  DC,  tlie  stimidation  is  made  centro-polar  or 
myopolar.  The  strenyth  of  the  constant  current  is 
regulated  by  the  rheocord,  and  thus  the  desired  con- 
ditions are  obtained. 

To  perrorm  the  experiments  it  is  necessary 
to  rememl^er  the  rule  that  tlie  excitability  of  a  nerve 
in  the  eleclrotonic  state  is  increased  in  the  iieir/hbour- 
hood  of  the  negative,  and  diminished  in  the  neighbour- 
hood of  the  positive,  pole.  There  are  four  cases,  which 
are  represented  in  the  diagram  (Fig.  46).  In  tlie  first 
two  cases  the  stimulation  is  in  the  myopolar  region, 
in  the  second  two,  in  the  centro-polar  region  ;  and  in 
each  set  there  is  one  case  of  di:)wnward  and  aiiotlier 
of  upward  current.  In  the  first  case,  tlie  stimulation 
is  next  the  mu.sclo,  tliat  is,  in  tlie  niyopohir  region, 
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and,  the  electrotonising  current  being  downward,  the 
stimulus  is  applied  in  the  neighbourhood  of  the  —  pole, 
in  the  region,  that  is,  of  myopolar  katelectrotonus. 
In  the  second  case  the  stimulus  is  also  myopolar,  but 
in  the  neighbourhood  of  the  +  pole,  therefore  myo- 
polar ANELECTROTONUS.  The  other  two  cases  ate  seen 
by  the  diagram  to  be  centro-polar  anelectrotonus, 
and  centro-polar  katelectrotonus.  Therefore,  both 
circuits  being  open,  incline  the  commutator  c  (Fig.  44) 

SI 


r 


JUyo  < 


: 

sic 

•I 

■1- 

Meet 


Ana= 


Ana, 


Cc  nl 


SI 

41 


Si 


I 

TLala= 


Fig.  48.— Results  of  Electrotonus. 

80  that  the  constant  current  may  be  doiun  the  nerve ; 
incline  the  double  commutator  to  stimulate  near  the 
muscle,  that  is,  by  wires  3  and  4  ;  then  open  the  key 
of  the  induction  coil,  so  as  to  send  shocks  to  the 
nerve;  slowly  approximate  the  secondary  coil  to  the 
primary,  till  the  strength  of  the  induction  shocks  is 
just  .sufficient  to  cause  the  muscle  to  twitch  the  tele- 
graph signal.  At  this  point  close  the  mercury  key  K, 
and  send  on  the  constant  current ;  electrotonus  is 
established  in  the  nerve ;  the  region  of  the  negoti^•e 
pole,  wliere  the  stimulus  is  being  appliedj  is  thrown 
into'a  state  of  increased  excitability,  and  consequently 
the  current,  before  just  sufficient  to  twitch  the  muscle, 
now  throws  it  into  tetanus;  tetanus  appears.  In- 
terrupt both  currents. 
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Eeverse  c,  so  that  the  electrotonising  current  is 
now  u]}  the  nerve.  Proceed  again  to  stimuhite  the 
nerve,  and  this  time  approximate  the  secondary  coil 
just  till  the  muscle  becomes  tetanised.  Then  close 
the  constant  circuit.  The  stimulus  is  now  in  the 
region  of  anelectrotonus  (i.e.  of  diminished  excita- 
bility), and  consequently  the  stimulus,  before  just 
sufficient  to  tetanise,  is  now  no  longer  sufficient  \  the 
telegraph  signal  drops  ;  tetanus  disappears. 

Proceed  in  the  same  way  with  the  other  two  case.s. 
Eeverse  the  double  commutator,  to  change  the  position 
of  stimulating  electrodes,  which  must  now  be  the  wires 
1  2,  distant  from  the  muscle,  and  arrange  commu- 
tator c  to  get  a  downward  constant  current.  Stimu- 
late  till  tetanus  aifects  the  muscle,  then  electro tonise ; 
anelectrotonus  (diminished  excitability)  is  established 
in  the  region  where  the  stimulus  is  apjDlied,  and  so 
the  stimulus  is  no  longer  sufficient ;  tetanus  dis- 
appears. Send,  lastly,  an  npward  current ;  you 
stimulate  now  in  the  region  of  increased  excitability, 
and  consequently  tetanus  appears.  Electrotonus  also 
alters  the  electromotive  force  of  a  nerve,  (liefer  to 
chapter  xi.)  In  the  way  thus  detailed  the  student 
can  satisfy  himself  that  the  excitability  is  increased  in 
the  neighbourhood  of  the  negative  pole  when  a  nerve  is 
made  electrof.onic. 

L.aw  of  contraction. — Another  use  of  the 
rheocord  is  for  aiding  in  the  study  of  the  effects  of 
the  interruption  of  the  constant  current  upon  a  nerve. 
As  already  noted  (page  G5),  the  i)assage  of  a  continuous 
stream  through  a  nerve  has  no  apparent  effect.  On 
opening  (breaking)  the  circuit,  however,  or  on  closing 
it,  varying  ettects  result,  sometimes  a  contraction 
occurring  on  opening  and  none  on  closing,  and  vice 
versa,  and  other  differences.  These  variations  liave 
been  studied  by  various  observers,  Pfall',  Ritter, 
Nobili,  Heidenhain,  Pflueger,  and  otliers.    As  a  result 
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of  investigation,  it  is  found  that  the  occurrence 
of  a  contraction,  and  the  amount  of  the  contraction, 
whether  feeble  or  strong,  depend  ( 1 )  on  the  strength  of 
the  current,  and  (2)  on  the  direction  of  the  current. 
The  rheocord  gives  the  simplest  means  of  graduating 
the  strength  of  the  current,  and  the  commutator  the 
means  of  reversing  it.  The  diagram  (Fig.  47)  shows 
how  the  arrangement  ought  to  be  made.  R  repre- 
sents the  rheocord,  c  a  commutator,  with  cross,  and 
E  the  galvanic  elements,  which  may  be  3,  4,  or  other 
number,  of  the  small  Grove  elements,  all  arranged 
precisely  as  shown  in  the  diagram.    The  muscle-nerve 


Fig  47.— Arrangements  for  Studying  the  Law  of  Contraction. 


preparation  M  is  arranged  in  the  telegraph,  and  the 
nerve  is  laid  over  the  platinum  electrodes,  which 
are  connected  with  the  wires  coming  from  the 
rheocord.  Now  by  altering  the  number  of  Grove's 
elements,  and  especially  by  altering  the  position  of 
the  rheocord  slider,  and  by  means  of  the  plugs,  as 
explained  (page  81),  no  current  may  be  sent  to  the 
nerve,  or  a  current  may  be  sent  whose  strength  may 
be  graduated  to  any  desired  extent.  To  open  and 
close  the  current,  a  simple  mercury  key  is  interposed ; 
or,  better  still,  in  order  to  make  or  break  the  current 
always  with  the  same  rapidity,  Pflueger's  fall  hammer 
(page  69)  may  be  used  as  a  key.  Make  the  experi- 
ments in  the  following  way. 

Bv  means  of  the  rheocord  send  only  a  yeij  weak 
current  to  the  nerve  ;  arrange  by  means  of  the  com- 
mutator that  the  current  shall  pass  do%vn  the  nerve, 
close  the  key,  and  note  the  result ;  then  open  the  key, 
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and  note  the  result.  Now  reverse  the  cominiitator, 
to  get  an  upward  current,  and  watch  etlects  on 
closing  and  opening  with  the  same  current  strength. 
Next,  by  moving  the  slider  and  taking  out  some  plugs 
of  the  rheocord,  give  a  stronger  current  (medium), 
and  note  results  on  closing  and  opening,  first  with  a 
downward,  and  then  with  an  upward,  current.  Lastly, 
interpose  great  resistance  in  the  short  circuit,  to  get 
a  strong  current  for  the  nerve,  and  observe  the  effects 
of  closing  and  opening  with  the  current  in  different 
directions.  The  results  thus  obtained  should  be 
tabulated  in  the  following  way  : 


Law  of  Contraction. 
I.  II.  Ill- 


Weak  Stream. 

Medium  Stream. 

Strong  Stream. 

T 

CI— c. 

Op.— r. 

CI.— c. 

Op.— c. 

CI.— c. 

Op.— r. 

I 

CI.— c. 

Op.— r. 

CI.— c. 

Op.— c. 

CI.— r. 

Op.— c. 

where,  at  the  head  of  each  column,  tlie  strength  of 
the  stream  is  indicated.  CI.  means  closing  the  circuit, 
Op.  means  opening  or  breaking  it,  c.  means  contraction 
of  the  muscle,  and  r.  means  rest,  no  contraction  ;  while 
the  direction  of  tlie  current,  \, ,  down  the  nerve, 
or  ^,  up  the  nerve,  is  indicated  at  the  side.  Thus, 
the  first  column  would  read  :  With  a  weak  current,  in 
an  upward  direction,  there  was  contraction  on  closing 
the  circuit,  and  rest  on  opening  ;  and  with  a  downward 
current  of  the  same  strength  there  was  also  con- 
traction on  closing  and  rest  on  opening.  Experiments 
should  be  made  both  witli  a  quite  fresh  nerve  and 
with  a  nerve  that  has  been  allowed  to  lie  for  some 
time  after  the  death  of  the  aniuTal.  Tliis  will  show 
that  a  weak  current  will  give  with  a  fresh  nerve  the 
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results  shown  in  the  first  column,  that  when  the 
nerve  has  been  exposed  for  a  little  time,  the  same 
strength  of  current  gives  the  results  shown  in  the 
second  column,  that  is,  produces  the  same  eflects  as 
a  stream  of  medium  strength  would  do  in  a  fresh 
nerve;  and,  when  the  nerve  has  been  exposed  for 
a  still  longer  time,  the  results  of  the  third  column  are 
obtained,  i.e.  the  results  of  passing  a  strong  stream 
to  a  fresh  nerve.  Thus  is  obtained  an  experimental 
demonstration  of  the  fact  that  the  excitability  of  a 
nerve  increases  as  the  nerve  dies,  and  reaches  a  maxv- 
mum  just  before  it  finally  disajopears. 


CHAPTER  IX. 

MAGNETS,    AND    THE    ACTION    ON    THEM     OF  ELECTRIC 
CURRENTS. 

A  magnet  is  a  body  that  has  the  property  of 
attracting  ii-on.  Natural  magnets  exist  as  an  ore  of 
iron,  whose  formula  is  Fe^p^and  which  was  known 
to  the  ancients,  from  whom'thb  term  magnet  (t^ayvhrns) 
is  derived,  because  the  ore  was  fouud  in  the  neigh- 
bourhood of  the  town  of  Magnesia  in  Lydia.  Mag- 
netic properties  can  be  communicated  in  various  ways 
to  iron  and  steel,  and  these  become  artificial  magnets. 
The  natural  magnet  was  also  called  lo\cmone  (Saxon 
for  leading  stone),  because  when  freely  suspended  it 
always  turned  in  such  a  direction  that  its  long  axis 
pointed  north  and  south,  the  same  extremity  of  the  long 
axis  always  being  to  the  north,  no  matter  how  the 
magnet  was  turned,  so  long  as  it  was  free  to  move. 
The  attractive  power  of  a  magnet  is  found  to  be 
greatest  at  the  ends,  which  are  accordingly  called  tlie 
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POLES,  and  to  vanish  at  the  middle,  where  there  is  a 
NEUTBAL  ZONE,  or  indifference  point. 

Attraction  and  repulsion. — It  has  been  said 
that  a  freely  suspended  magnet  always  turns  so  as  to 
set  one  pole  towards  the  north  pole  of  the  earth,  and 
the  other  towards  the  south  pole.  If  now  a  second 
magnet  be  brought  neai',  it  is  found  that  on  presenting 
the  pole  of  the  second  that  points  north  to  the  similar 
pole  of  the  first,  freely  suspended,  the  latter  is  at  once 
repelled  \  but  if  the  south  pole  of  the  second  be  pre- 
sented to  the  north  pole  of  the  other,  they  attract  one 
another.  Thus,  like  poles  repel,  hut  unlike  poles  at- 
tract. An  explanation  of  the  invariable  tendency  of 
a  magnet  to  point  north  and  south  is,  therefore,  forth- 
coming. 

It  is  supposed  that  the  eai'th  is  a  magnet  which 
acts  on  freely  suspended  magnets  in  the  way  men- 
tioned, atti-acting  by  each  pole  the  unlike  pole  of  the 
magnet,  and  repelling  by  each  pole  the  like  pole  of 
the  magnet.  Thus,  the  north  pole  of  the  earth  will 
attract  the  south  pole  of  a  magnet,  and  repel  the  north  ; 
and  the  south  pole  of  the  earth  will  attract  the  north, 
and  repel  the  south,  of  a  magnet.  Thus,  the  pole  of  a 
freely  suspended  magnet  that  points  north  is  actually 
the  south  pole  of  the  magnet.  Owing  to  this  circum- 
stance, confusion  in  the  designation  of  the  poles  of  a 
magnet  has  arisen.  Thus,  the  one  pole  is  called  the 
north-pointing,  or  north-seeking  pole,  and  with  that 
there  is  no  difficulty.  But  because  this  is  actually  the 
south  pole  of  the  magnet  it  has  been  called  the  austral 
pole,  and  the  south-seeking  pole  has  been  called  boreal. 
French  writers  speak  of  austral  and  boreal.  In  Eng- 
lish, usually,  by  north  pole  is  meant  the  pole  tliat 
points  north,  and  by  south  pole  tlie  one  that  ])oints 
south.  ^  For  convenience  sake  the  pole  of  a  magnet 
that  points  north  is  usually  marked,  and  is,  thei-e- 
fore.  also  called  the  marked  "pole. 
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Two  fluMs. — As  in  electricity  there  have  been 
supposed  to  be  two  subtle  imponderable  fluids,  posi- 
tive and  negative,  pervading  all  objects,  so  there  have 
been  supposed  to  be  two  magnetic  fluids,  which  attract 
one  another.  In  unmagnetised  bodies  these  fluids 
neutralise  one  another ;  in  magnetised  bodies  they  are 
separated. 

Magnetic  iiidiiction. — Just  as  a  conductor 
charged  with  electricity,  when  brought  near  an  un- 
charged body,  was  supposed  to  decompose  the  neutral 
fluid  of  the  uncharged  body,  attracting  one  of  the 
electricities  to  the  end  near  it,  and  repelling  the  other 
electricity  to  the  other  end  (page  6),  so  a  magnet,  when 
brought  into  contact  with  a  substance  capable  of  being 
attracted  by  it,  was  supposed  by  induction  to  separate 
the  magnetic  fluids  of  the  attracted  body,  attracting 
the  one  to  one  end  and  repelling  the  other.  Thus, 
when  a  piece  of  soft  iron  is  touched,  say  by  the  north 
pole  of  a  magnet,  the  iron  adheres  to  the  magnet,  and 
becomes  for  the  time  also  a  magnet,  having  a  north  and 
south  pole,  the  south  being  the  one  in  contact  with 
the  north  of  the  original  magnet.  As  soon,  however, 
as  the  piece  of  soft  iron  is  removed  from  the  magnet 
it  loses  all  its  magnetism.  Iron  that  has  been  rendered 
brittle,  or  hard  steel,  are  not  so  easily  affected  by  a 
magnet  as  soft  iron;  but  when  at  length  they  are 
affected,  the  magnetism  developed  in  them  is  more 
permanent.  Well-tempered  steel,  especially,  suflers 
little  attraction  by  a  magnet,  and  is  mag-netised  with 
difficulty,  rubbing  with  the  magnet  requiring  to  be  re- 
sorted to,  but  it  then  becomes  a  permanent  magnet. 
The  force  which  makes  tempered  steel  resist  the  in- 
fluences, and,  when  it  has  been  affected,  causes  the  mag- 
netism to  be  retained,  is  called  coercive  force. 

Pprnianent  magriictisalioii  is  effected  in 
various  ways  :  (1)  single  touch,  i.e.  by  laying  on  a 
table  the  bar  to  be  magnetised  and  stroldng  it  several 
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times  Avitli  one  pole  of  a  strong  magnet  held  in  a 
sloping  direction,  moving  always  in  the  same  direction, 
from  one  end  to  the  other  of  the  bar,  the  end  touched 
last  forming  the  pole  opposite  to  that  of  the  influencing 
magnet  used  ;  (2)  hy  separate  touch,  i.e.  by  using  two 
magnets  of  equal  strength,  placing  opposite  poles  in 
contact  with  the  bar  at  the  middle  and  moving  them, 
both  at  the  same  time,  away  from  one  another  to 
opposite  ends,  repeating  the  manoeuvre  several  times  ; 
(3)  hy  double  tmich,  i.e.  by  placing  the  o]iposite  poles  of 
two  magnets,  separated  by  a  piece  of  wood  in  the 
middle  of  the  bar,  and  moving  them  together  to  one 
end,  then  from  this  to  the  other  end,  and  from  it  back 
to  the  middle.  The  method  most  frequently  used  is 
by  drawing  the  bar  over  the  op]Josite  poles  of  a  strong 
electro-magnet  in  opposite  directions. 

Strong  magnets  are  formed  of  several  bars,  shajjed 
like  a  horse-shoe,  bound  together,  like  poles  being 
placed  together.  Suppose  two  bars  equally  strongly 
magnetised  are  placed  together,  so  that  unlike  poles 
are  in  contact,  then  the  magnetism  of  the  one  neu- 
tralises that  of  the  other,  and  the  result  is  loss  of  all 
magnetism  so  long  as  they  remain  in  contact.  There- 
fore, for  forming  a  magnetic  magazine  or  battery,  as 
it  is  called,  like  poles  are  placed  in  contact.  The 
strength  of  such  a  magnet  is  found  to  be  preserved 
by  placing  across  from  one  pole  to  the  other  a  piece 
of  soft  iron,  called  a  keeper,  or  armature.  This 
reacts  inductively  on  the  poles,  and  so  preserves  their 
magnetism  and  even  increases  it. 

Inclination  or  dip.— If  a  magnet  be  suspended 
so  that  it  is  free  to  move  both  horizontally  and  ver- 
tically, it  not  only  points  north  and  south,  but  one 
end  is  found  to  dip  down.  This  is  the  inclination  of 
the  magnet.  Iii  the  northern  hemisphere  it  is  down 
towards  the  north,  and  vice  versa,. 

A  niag;noti4;  needle  is  usually  in  tlie  form  of 
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a  rhomb  made  of  fine  steel,  long  in  proportion  to  its 
breadth.  Its  north  pole  is  usually  coloured  blue ;  near 
its  centre  is  a  little  depression  by  which  it  can  be 
balanced  on  a  point  of  support. 

Care  of  a  magnet. — Magnets  should  never  be 
left  without  their  keeper,  or  they  will  lose  strength. 
The  keepers  should  not  be  knocked  off,  but  slowly 
moved  off  by  a  turning  movement  from  north  to 
south.  Magnets  should  not  be  let  fall,  nor  suddenly 
struck,  nor  rubbed  with  sand-paper,  as  the  magnetism 
may  by  these  means  be  greatly  diminished.  They 
should  be  kept  from  rust  by  the  use  of  tine  sperm  oil. 

Paianiagnetic  and  dianiagnetic. — Bodies 
that  are  attracted  by  either  pole  of  a  magnet  are 
called  paramagnetic.  Among  them  are  iron,  nickel, 
cobalt,  and  platinum.  When  placed  between  the  poles 
of  a  horse-shoe  magnet,  they  turn  their  long  axis  so 
as  to  be  in  line  with  the  poles. 

Bodies  that  are  repelled  by  either  pole  of  a  magnet 
are  said  to  be  diamagnetic.  Among  them  are  bismuth, 
antimony,  lead,  tin,  copper,  gold,  and  silver.  Water, 
sugar,  starch,  alcohol,  muscle,  and  blood,  are  also  dia- 
magnetic. When  placed  between  the  poles  of  a 
magnet  they  tend  to  set  their  length  across  the  poles. 
Action  of  electric  currents  on  magnets. 

 In  1819  Oersted  of  Copenhagen  showed  that  a  needle 

suspended  in  the  magnetic  meridian  was  influenced 
by  a  current  of  electricity  passed  along  a  wire 
parallel  to  it.  The  experiment  is  performed  by 
placing  a  wire  above  a  magnetic  needle,  and  parallel 
to  it,  and  another  wire  below  the  needle,  and  parallel 
to  it!  The  poles  of  an  element  may  then  be  attached 
to  the  extremities  of  either  wire,  and  a  simple  key 
interposed  in  the  circuit  thus  formed.  On  closmg 
the  key  the  current  passes  along  the  wire.  When 
a  suffi.nently  strong  current  traverses  either  of 
the  wii-es,  the  needle  is  deflected  nearly  to  a  right 
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angle.  The  side  to  which  the  needle  is  deflected  de- 
pends on  the  direction  of  the  current,  and  whether 
passed  above  or  below  the  needle.  The  laws  of 
direction  were  worked  out  by  Ampere  ;  and  he  has 
given  an  easily  remembered  rule  for  determining  the 
directions.  Suppose  an  observer  placed  parallel  to 
and  facing  the  wires,  and  let  the  current  be  directed 
as  if  passing  from  his  feet  to  his  head,  then  the  north 


Figs.  48  and  49.— Ampfere's  Law, 


pole  will  be  deflected  to  his  left,  and  the  south  pole  in 
the  opposite  direction.  This  rule  is  illustrated  in 
Figs.  48  and  49. 

It  is  seen  that  a  current  flowinc;  above  the  needle, 
which  deflects  the  needle  to  the  left,  will,  if  it  flow  in 
the  same  direction  below  the  needle,  deflect  it  in  tlie 
opposite  direction.  In  the  figures,  ab  is  the  magnetic 
needle,  A  the  north  pole  and  B  the  south,  and  XY 
is  the  wire  along  which  the  current  passes,  the 
arrow  indicating  the  direction  of  the  current. 
Arrows  and  dotted  lines  indicate  the  deflection 
of  the  needle.  Thus  the  north  pole  a  is  de- 
flected in  the  direction  of  the  arrow  to  a',  and  the 
south  pole  B  to  b'.  Again,  a  needle  deflected  to  the 
left  liy  a  current  flowing  in  one  direction  above  it, 
will  be  deflected  still  farther  to  the  same  side  by 
a  current  below  the  needle  in  the  opposite  direction. 
Thus  a  current  carried  right  round  the  needle  will 
travel  above  the  needle  in  one  direction,  and  below 
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the  needle  in  the  opposite  direction,  and  by  this 
means  its  effect  on  the  needle  will  be  increased.  This 
application  of  the  principles  of  Oersted  and  Ampere 
was  made  by  Schweigger  in  Germany  in  1820,  who 
coiled  the  wire  on  a  rectangular  frame  (Fig.  50).  By 
coiling  the  wire  on  the  frame  oftener  than  once  the 
effect  of  the  current  is  increased,  provided  that  each 
turn  of  the  wire  be  carefully  insulated 
from  the  other.  Thus  an  instrument 
called  a  multiplier  is  constructed, 
by  means  of  which  a  weak  current, 
which  might  not  have  any  effect 
on  a  needle,  has  its  action  so  in- 
Fig.  50.— Multiplier,  creased  that  deflection  of  the  needle 
occurs.  This  instrument  can  now 
be  used  as  a  means  of  detecting  the  presence  of  a 
current.  By  its  means  not  only  the  presence,  but 
also  the  direction  and  the  amount  of  a  current  can  be 
estimated.  Hence  the  term  galvanometer  applied 
to  the  instrument.  Its  developments  are  described  in 
the  next  chapter. 


CHAPTER  X. 
galvanometers. 

The  tangent  galvanometer  is  an  applica- 
tion of  the  principle  laid  down  by  Schweigger.  It 
is  formed  of  a  vertical  circle  standing  in  the  plane  of 
the  magnetic  meridian.  The  circle  may  be  formed  of 
a  ribbon  of  copper,  or  may  consist  of  a  wooden  frame 
with  several  turns  of  copper  wire  (each  turn  being 
insulated)  wound  upon  it.  The  ends  of  the  wire  are 
connected  to  whatever  is  producing  the  current.  In 
the  centre  of  the  circle  is  mounted  horizontally  a 
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magnetic  needle,  whose  length  is  small  in  comparison 
with  the  radius  of  the  circle.  The  needle  is  surrounded 
by  a  horizontal  circle  marked  in  degrees  ;  and  it 
points  to  zero  when  the  galvanometer  is  in  proper 
position.  When  a  current  traverses  the  wire  the 
needle  is  deflected.  In  its  new  position  it  is  acted 
on  by  the  force  of  the  earth's  magnetism  tending 
to  bring  it  back  to  zero,  and  by  the  repulsive  action 
of  the  current,  which  tends  to  set  it  at  right  angles. 
It  accordingly  takes  up  a  position  between  the  two, 
and  this  position  is  such  that  the  tangent  of  the  angle 
of  deflection  is  propo7-tional  to  the  intensity  of  the 
current.  When  the  amount  of  deflection  caused  by 
the  current  is  great  the  proportion  is  not  accurately 
maintained.  To  meet  this  the  sine  ^galvanometer 
is  constructed,  in  which  the  vertical  circle  is  movable 
round  a  vertical  axis ;  in  this  form  the  sine  of  the 
angle  of  deflection  is  proportional  to  the  intensity  of  the 
current. 

Now  the  great  objection  to  the  use  of  either  of 
these  forms  of  galvanometer  is  that  they  always 
require  a  comparatively  strong  current  to  influence 
the  magnet.  As  already  indicated,  multiplication 
of  the  number  of  turns  of  the  wire  in  the  circle 
surrounding  the  magnet  will  increase  the  eflect  upon 
the  needle,  and  the  greater  the  multiplication,  there- 
fore, the  weaker  may  the  current  become  without 
losing  influence  on  the  needle.  But  this  multiplication 
has  its  limits,  since  every  turn  interposes  resistance, 
and  consequently  weakens  the  current.  The  great 
cause  of  the  non-sensitiveness  of  the  needle  is,  how- 
ever, the  directive  action  of  the  earth,  since  as  soon 
as  the  needle  moves  out  of  the  magnetic  meridian  thi.s 
force  comes  into  play,  tending  to  bring  tlie  needle  back 
again.  It  was,  therefore,  a  great  step  in  the  production 
of  sensitive  galvanometers  wlion  Nobili,  in  1827,  de- 
vised a  method  for  diniinisiiing  as  much  as  possible 
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the  action  of  terrestrial  magnetism  upon  the  needle. 
In  Nobili's  arrangement,  two  needles  ah  a'b'  are  taken, 
both  as  nearly  as  possible  equally  magnetised.  They 
are  united  by  a  light  piece  of  tortoise-shell,  and  are 
so  placed  that  the  north  pole  of  one 

nis  opposite  to  the  south  pole  of  the 
other  (Fig.  51). 

If  both  needles  have  exactly  the 
same  degree  of   magnetisation,  then 
the  influence  of  the  earth  on  the  north 
pole  of  one  is  neutralised  by  the  pre- 
cisely equal  influence  on  the  south 
pole  of  the  other.    The  result  is  that 
with  such  a  system  of  needles  the 
directive  force  of  the  earth's  mag- 
netism    is    removed,   and   tnen  tne 
needles    set    perpendicular    to  the    magnetic  meri- 
dian.    Such  a  system  is  called  astatic.     If  such 
a  system  be  surrounded  by  a  coil  of  wn-e  (iig^  5^) 
so  that  the  under  needle  ah      in  the  centre  of  the 
coil,  and  the  upper  needle  ah' 
just   above   the   coil,  then  a 
current  passed  round  the  coil 
will  deflect  both  needles  in  the 
same    direction,    according  to 
Amp^ire's  rule.    Thus,   such  a 
system,  being  rid  of  the  earth's 
action,  is  not  only  free  to  obey 
any   other  force,  but  by   the  ^ 
double  needle  the  eff"ect  of  a  cur-  ^ 
rent  round  the  coil  is  increased. 
Such  an  arrangement  is  conse-      ,    ^   ,  ,  . 
quently  able  to  detect  a  very  much  feebler  current 
than  a^single  needle  can.    Should  both  needles  not  be 
equally  mfgnetised,  then  tlie  earth  wil   mfluence  the 
need  e  of  greater  magnetisation,  and  the  system  wdl 
?e  brought  into  the  plane  of  the  magnetic  meridian. 


Fig.  52. 
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But  the  influence  of  the  earth  will  be  veiy  much 
diminished,  because  it  will  only  affect  the  system 
according  to  the  excess  of  magnetisation-  of  the  one 
needle  over  the  other.  In  point  of  fact  it  is  difficult 
to  get  a  perfectly  astatic  system.  Usually  when  the 
system  has  been  deflected  by  the  action  of  a  current, 
on  the  removal  of  the  current  the  needle  will  be  found, 
after  a  few  oscillations,  to  come  at  last  to  rest  in  the 
plane  of  the  magnetic  meridian.  The  more  nearly 
astatic  the  system,  the  slower  will  be  these  oscillations, 
so  that,  by  this  means,  one  may  test  the  condition  of 
the  sy.stera.  By  the  use  of  a  feeble  magnet,  however, 
a  pair  of  needles  not  quite  astatic  may  be  made 
absolutely  so.  It  is  only  necessary  to  bring  such  a 
maarnet  into  the  neighbourhood  of  the  needle-pair, 
and  to  keep  it  in  the  magnetic  meridian,  and  with  its 
north  pole  pointing  south.  By  bringing  it  gradually 
nearer  to  the  needle-pair  a  position  is  at  length  found 
where  it  completely  neutralises  the  earth's  influence, 
and  perfects  the  degree  of  astaticism.  By  a  similar 
means  a  single  needle  may  be  made  astatic. 

Aided  by  this  astatic  system  of  needles  Nobili 
constructed  a  very  sensitive  galvanometer,  by  means 
of  which  very  feeble  currents  of  electricity  were 
detected.  The  general  form  the  galvanometer  then 
took  was  briefly  this  :  A  gi'eat  length  of  fine  copper 
wire  was  wound  on  an  ivory  frame,  each  turn  being 
carefully  insidated  from  its  neighbour,  and  the  ends 
of  the  wire  were  comiected  with  binding  screws.  The 
needles  were  suspended  from  a  support  by  a  fine  silk 
fibre,  so  that  one  needle  was  within  the  coil,  the  other 
just  above  it.  The  whole  was  carried  on  a  block  of 
ebonite,  and  covered  in  by  a  glass  case  for  the  exclu- 
sion of  air  currents.  The  chief  modern  workers  who 
have  added  to  the  sensitiveness  of  Mie  galviinonieter 
are  Du  Bois-Reymond,  of  Berlin,  and  Sir  William 
Thomson.     The  former  himself  constructed  a  very 
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sensitive  instrument,  having  as  many  as  30,000  coils 
of  fine  wire.  The  form  of  instrument  mainly  used 
now  is  the  reflecting  galvanometer,  of  which  two 
forms  will  be  described,  that  of  Sir  William  Thomson, 
largely  employed  in  this  country,  and  one  of  a  German 
origin,  called  Wiedemann's  galvanometer. 

The  feature  of  Sir  William  Thomson's  in.strument 
(Fig.  53)  is  the  small  size  of  the  needles,  so  that  they 
possess  little  weight,  with  a  high  degree  of  magnetisa- 
tion. The  magnets  are  very  thin, 
usually  not  more  than  one-eighth 
of  an  inch  long,  and  are  arranged 
in  two  sets,  an  upper  and  a  lower, 
connected  together  by  an  aluminium 
rod.  The  needles  of  each  set  are 
arranged  astatically. 
set  is  a  separate  coil 
lower  coil  (6,  Fig. 
its  course  in  opposite  direction 
the  upper.  The  coils  are  brou 


Round  each 
of  wive,  the 
53)  having 
to 
>t 

very  near  to  the  needles,  and  con- 
tain a  very  large  number  of  turns 
of  fine  wire.  Fixed  to  the  upper 
set  of  needles  is  a  slightly  concave 
mirror,  not  more  than  one  quarter 
of  an  inch  in  diameter.  The 
system  of  needles  and  mirror  is  so 
L.      .u  vv^.g..  barely  k  grain.       .  .  . 

The  isystem  is  suspended  by  a  smgle  tibre  ot  tine 
silk  from  a  brass  pin  fixed  on  the  top  of  the  vulcanite 
frame  of  the  coils.  The  coils  are  supported  on  brass 
uprio-hts.  The  whole  apparatus  stands  on  a  vulcanite 
d^c.^brasS-bound,  and  levelled  by  three  screws,  and  is 
enclosed  in  a  brass-bound  glass  shade.  The  cover  ot 
this  shade  is  of  brass,  and  supports  a  brass  rod  c,  on 
which  slides  a  large  curved  magnet  rf,  feebly  magnetised, 
by  which  an  artificial  meridian  can  be  created  m  any 


Fig.  53.— Sir  Wm. 
Tliomson'sReflect- 
iug  Galvanometer. 


light  as  to  weigh 
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desired  direction.  The  magnet  may  be  brought  near  to, 
or  moved  from,  the  needles  by  sliding  down  and  up 
the  rod.  Four  binding  screws  have  attached  to  them 
the  four  ends  of  the  wire  of  the  coils. 

To  use  the  instrujiient  a  lamp-and-scale  arrange- 
ment is  employed  (Fig.  54). 

The  lamp  and  scale  are  placed  facing  the  galvano- 
meter at  a  distance  of  from  two  to  three  feet.  A  slit 
below  the  scale  permits  a  narrow  beam  of  light  to  pass, 
which  is  thrown  on  the  mirror 
of  the  upper  needles,  and  from 
it  reflected  on  to  the  scale.  The 
large  magnet,  which  may  be 
turned  by  hand  or  by  the  fine 
adjustment  screw  attached  to 

the  cover,  aids  in  bringing  the  ____________ 

beam  to  the  zero  point.  Across  Fig.  54.— Lamp  and  scuie  for 
the  slit  is  stretched  a  wire,  Gaivauometer. 
and  the  image  of  this  ought  to  be  focussed  on  the 
scale.  The  current  may  be  sent  round  both  coils  by 
connecting  the  two  middle  binding  screws,  and  then 
joining  the  electrodes  with  the  outer  screws ;  or  the 
instrument  may  be  used  to  compare  two  currents,  in 
which  case  the  electrodes  for  one  current  are  to  be 
connected  with  the  screws  of  one  side,  those  for  the 
second  current  with  the  screws  of  the  outer  side.  The 
currents  must  be  sent  round  both  coils  in  the  same 
direction,  so  that  the  current  passing  round  the 
upper_  coil  tends  to  deflect  the  needle  in  one 
direction,  and  the  current  passing  round  the  lower 
coil  tends  to  deflect  the  needle  in  the  opposite 
direction.  If  both  are  equal  the  spot  of  light  will  be 
stationary  on  the  scale  ;  if  one  is  stronger  than  the 
other  the  spot  of  light  will  travel  over  the  scale,  and 
indicate  the  excess.  By  a  preliminary  experiment  the 
direction  of  deflection  by  each  current  can  be  deter- 
uaned  separately,  and  thus  it  is  easy  to  learn  which  is 
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the  more  intense  current  of  the  two.    When  used  in 
this  way  the  galvanometer  is  said  to  be  differential. 
To  obtain  tlie  acme  of  sensibility  of  the 

instrument,  the  following  procedure  should  be  adopted. 
Place  the  galvanometer  so  that  the  coils  face  due  east 
and  west,  the  galvanometer  looking  west  towards  the 
lamp  and  scale,  which  are  about  three  feet  distant. 
Having  carefully  levelled  the  instrument  by  the  level- 
ing screws,  remove  the  glass  shade,  and  see  that  the 
needle  swings  freely  in  its  small  cellular  space  within 
the  coils.    By  gently  moving  the  milled  head  of  the 
brass  pin  from  which  the  needles  hang,  the  needles 
may  be  raised  or  lowered.     Free  suspension  being 
obtained,  put  on  the  glass    shade,  the  controlling 
magnet   being   removed.      In  the  position  of  the 
galvanometer,  the  system  not  being  absolutely  astatic, 
the  needles  will  take  up  a  position  of  rest  in  the  plane 
of  the  magnetic  meridian.    Now  put  the  controlling 
magnet  on  its  support  quite  at  the  top,  with  its 
north   pole    pointing    north,    and   slowly    slide  it 
down  its  support.    The  aim  is  to  obtain  a  position  m 
which  the  controlling  magnet  quite  neutralises  the  in- 
fluence of  the  earth's  magnetism.    As  the  magnet  is 
moved  down,  the  needles  will  at  first  dance  backwards 
and  forwards,  but  as  the    magnet  approaches  the 
proper  position  the  oscillations  of  the  needles  become 
fewer  and  much  more  slow.    It  should  be  noted 
that  the  more  sensitive  the  needle  is,  the  greater  is  the 
time  occiqned  hy  one  oscillation,  or,  in  oilier  words,  the 
longer  is  the  period  of  oscillation.    This  gives  an 
important  indication  in  adjusting  the  magnet.  Now, 
as  the  magnet  nears  the  position  in  which  it  renders 
the  needles  astatic,  the  slightest  movement  of  it  to  right 
or  left  will  cause  the  beam  of  light  to  travel  from  one 
side  to  the  other  of  the  scale  and  even  beyoiid  the  scale, 
consequently  the  fine  adjustment  must  now  be  used  if 
it  is  wished  to  turn  the  controlling  magnet.  Just 
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when  the  magnetism  of  the  earth  and  that  of  the  con- 
troUinff  magnet  are  on  the  border  land  of  neutralisa- 
tion,  the  needles  will  be  found  to  be  unstable ;  %.e. 
the  slightest  movement  of  the  magnet  to  one  side  will 
cause  the  spot  of  light  to  dash  across  to  that  side,  the 
slightest  movement  to  the  other  side  will  send  it  over 
to  that  other  side,  and  it  will  be  impossible  to  bring  it 
by  the  influence  of  the  magnet  to  the  zero  point. 
This  is  because  the  influence  of  the  earth  has  been 
more  than  neutralised,  and  the  needles  consequently 
come  under  the  influence  of  the  magnet,  and  tend  to 
turn  right  round  to  set  their  opposite  pole  under  that 
of  the  magnet.  The  position  of  greatest  sensibility 
will  now  be  found  by  very  carefully  moving  the 
magnet  up  its  support,  by  scarcely  more  than  a  hair's 
breadth  at  a  time,  after  each  movement  giving  the 
fine  adjustment  the  smallest  possible  turn,  till  the 
instability  disappears,  when,  by  a  very  slight  turning  of 
the  screw,  the  beam  of  light  can  be  brought  to  zero. 
In  this  position  the  passage  of  an  extremely  feeble 
current  round  the  coils  will  cause  a  deflection  of  the 
needles,  and  that  deflection  will  take  place  slowly,  so 
that  the  spot  of  light  will  come  to  rest  at  the  point  of 
maximum  deflection  after  only  one  or  two  oscillations 
on  each  side  of  it. 

A  shunt  is  usually  provided  with  each  instrument, 
with  which  one  may  regulate,  within  limits,  the  amount 
of  current  sent  through  the  galvanometer.  This  is  seen 
in  Fig.  55.  It  has  a  series  of  brass  plates  separated 
from  one  another,  but,  like  those  of  the  rheocord, 
capable  of  being  connected  by  brass  pings.  When  all 
the  plugs  are  out  the  plates  are  connected  by  varying 
lengths  of  wire,  so  that  a  current  forced  to  traverse 
these  wires  encounters  a  certain  amount  of  resistance. 
The  shunt  has  two  binding  screws.  Two  electrodes 
are  led  from  the  apparatus  producing  the  current,  one 
to  each  binding  screw,  and  then  from  each  bindinw 
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screw  a  wire  is  led  to  each  of  the  outer  binding  screws 
of  the  galvanometer.  Between  the  two  binding 
screws  of  the  shunt  is  a  hole,  and  if  the  plug  be 
inserted  here  as  in  the  figure,  the  current  is  short- 
circuited  ;  for  the  current  merely  travels  across  from 
one  screw  to  the  other  and  back  to 
the  place  whence  it  came,  none  going 
to  the  galvanometer,  because  of  the 
greater  resistance.  If  this  plug  be 
now  removed,  as  well  as  the  other  shown 
in  the  figure,  the  current  reaching  one 
screw  cannot  get  straight  across  to  the 
-Gaiva-  ot'ier,  but  must  traverse  the  galva- 
Shuut.  nometer.  Suppose,  howe\'er,  one  of 
the  plugs  be  inserted  in  the  hole 
marked  i,  then  such  resistance  is  interposed  in  the 
short  circuit  that  j^th  of  the  total  current  goes  to 
the  galvanometer,  and  the  remaining  ^^ths  are  short- 
circuited.  If  the  plug  be  put  into  the  hole  marked  J-g-, 
dnlj  Y^o*^^  PS'i't  goes  to  the  galvanometer,  if  into 
eig  only  Y^oth  part  goes  to  the  galvanometer. 

Each  shunt  is  graduated  for  the  instrument  which 
it  accompanies.  For  the  coils  of  the  shunt  must  be 
graduated  according  to  the  resistance  of  the  particular 
galvanometer,  since  it  is  the  ratio  between  the  resis- 
tance of  the  galvanometer  and  that  of  the  shunt  that 
determines  what  proportion  of  current  will  go  to  the 
galvanometer,  and  what  will  be  sliort-circuited. 

Wiedemann's  g^alvanometer,  or  boussolc 
is  shown  in  Fig.  56.  It  consists  of  a  thick  cylinder 
of  copper,  through  which  a  tunnel  is  bored.  This 
tunnel  can  be  closed  at  each  side  by  a  cover  with  glass 
front,  or  by  a  solid  plug  of  copper.  Within  this  copper 
chamber  hangs  a  magnetised  ring  a,  shown  at  the  side, 
of  such  a  size  that  it  has  just  room  to  swing  clear  on 
all  sides.  Connected  with  the  i-ing  is  an  aluminium 
rod  which  passes  up  through  a  copper  tube  and  is 
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connected  above  with  a  light  frame  which  holds  a 
circular  plane  mirror  b.  To  prevent  currents  of  air 
from  moving  the  mirror,  a  circular  brass  cover  c 
encloses  it.  The  cover  has  a  circular  window  w  in 
front,  thi'ough  which  the  mirror  can  he  viewed.  Above 
the  mirror  is  screwed  a  long  glass  tube,  which  carries 


Fig.  56.— Wiedemann's  Galvanometer  (Boussole). 


at  the  top,  on  a  little  ebonite  support,  a  little  windlass, 
whose  centering  on  the  glass  tube  is  regulated  by  three 
little  screws.  On  it  is  wound  a  single  filament  of  silk, 
which  passes  down  the  glass  tube  through  an  opening 
in  the  ebonite.  At  the  end  of  the  silk  fibre  is  a  loop, 
to  which  a  small  platinum  hook  is  attached,  which 
suspends  the  mirror  and  magnet  by  an  eye  in  tlie 
mirror  frame.  By  tliis  arraTigement'the  needle  can  be 
raised  or  lowered,  and  centered  in  the  copper  chamber. 
The  copper  chamber  and  its  attachments  are  supported 
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by  brass  columns  on  a  plate  of  mahogany,  levelled  by 
three  screws.  The  coils  are  arranged  on  each  side  of 
the  copper  chamber,  and  by  means  of  a  sledge  arrange- 
ment can  be  caused  to  meet  right  over  the  chamber, 
so  that  the  chamber  is  contained  in  the  centre  of  the 
two,  or  the  coils  can  be  removed  from  the  chamber. 
In  Fig.  56  the  coils  are  represented  close  to  one 
another,  and  therefore  hide  the  copper  chamber  which 
is  within  them.  In  the  upper  corner  of  the  figure 
the  magnetised  ring  is  shown  attached  by  the  alumi- 
nium rod  to  the  plane  mirror.  In  very  sensitive 
instruments  the  number  of  turns  on  the  coils  is  as 
great  as  30,000. 

The  features  of  this  instrument  are  the  arrange- 
ments for  DAMPING  THE  OSCILLATIONS  of  the  needle. 
The  copper  chamber  is  called  the  damper.  The  move- 
ment of  the  magnetised  needle  sets  up  induction 
currents  in  the  cbpper  mass  ui  the  opposite  direction 
to  the  movement  of  the  needle,  and  this  diminishes 
the  oscillations  of  the  needle,  and  causes  it,  after  deflec- 
tion, to  come  quickly  to  rest.  The  close  fitting  of  the 
ring  to  the  chamber  aids  this  action,  as  well  as  the 
proximity  of  the  coils  to  the  needl-e.  Another  point 
is  that  by  the  ring  shape  the  inactive  portion  of  the 
magnet,  its  centre,  is  taken  away,  and  the  needle  is 
made  stronger  in  proportion  to  its  size.  Now,  this 
needle  is  not  astatic,  but  is  made  so  by  means  of  a  bar 
magnet  of  considerable  strength,  to  be  immediately 
described. 

The  position  of  tlie  tooussolc  should  be  care- 
fully chosen.  It  may  be  placed  on  a  strong  oaken 
shelf,  fastened  to  a  solid  dry  wall  in  front  of  a  window, 
brass  fixings  being  used,  and  none  of  iron.  No  iron 
structure  whatever  should  be  in  the  neighbourhood, 
either  about  or  outside  of  the  window.  If  the  instru- 
ment is  to  be  used  in  a  laboratory  on  a  ground  floor, 
then  a  pillar  of  concrete,  with  a  cap  of  oak,  and  built 
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on  a  solid  stone  foundation,  is  best.  On  such  a  sup- 
port the  boussole  is  so  placed  that  the  axis  of  the  coils 
is  perpendicular  to  the  magnetic  meridian.  In  this 
position  the  ring,  being  non-astatic,  will  place  itself 
so  that  its  sides  will  point  north  and  south,  and  the 
mirror  will  face  the  east. 

To  render  the  needle  astatic  the  arrange- 
ment shown  in  Fig.  56  is  used.  It  is  called  Hauy's  bar 
(Der  Hauy'sche  Stab),  and  the  arrangement  in  Fig.  56 
is  that  of  Du  Bois.  It  consists  of  a  magnet,  the 
ACCESSORY  MAGNET  m,  placed  in  the  magnetic  meri- 
dian, and  therefore  horizontal  to  the  needle.  Its 
north  pole  should  be  pointing  north,  as  is  that  of  the 
needle.  It  is  supported  on  the  bar  b,  which  is 
directed  perpendicular  to  the  coils,  and  in  a  line  with 
their  axis.  The  magnet  can  slide  in  its  support  up  and 
do^vn  the  bar,  which  is  divided  into  centimetres  for 
measuring  the  extent  of  movement.  Further,  one  end 
of  the  magnet  is  caught  between  a  spring  and  a 
screw.  The  screw  may  be  turned  by  p\  so  that  the 
magnet  can  be  moved  from  the  spring  end  on  the 
otlier  end,  so  as  to  form  an  angle  with  the  plane  of 
the  coils.  By  means  of  the  pulley  arrangement 
this  angular  movement  can  be  effected  by  the  ex- 
perimenter seated  at  a  distance.  The  galvanometer 
then  being  placed,  the  accessory  magnet  is  fixed  on  its 
bar,  by  a  clamp  to  the  shelf,  almost  under  the  end  of 
the  mahogany  stand  of  the  galvanometer.  The  magnet 
is  first  put  on  the  end  of  its  bar,  and  is  then  slowly 
moved  down  it.  As  it  approaches  nearer  the  boussole 
it  gradually  neutralises  the  earth's  action.  The 
moment  the  position  of  neutralisation  is  crossed  the 
needle  swings  round  so  as  to  place  its  opposite  poles 
over  against  the  poles  of  the  magnet.  It  would  make 
m  this  movement  a  full  half  twist  on  its  fibre.  To  . 
prevent  this  being  accomplished  one  of  the  brass 
plugs  should  be  put  in  at  the  opening  of  the  chamber 
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beliind.  It  is  long  enough,  when  pushed  not  quite  home, 
to  allow  of  the  needle  coming  against  it  when  about 
one-third  of  the  half  twist  is  completed,  so  that  the 
needle's  farther  movement  is  blocked.  In  front  a  glass 
plug  may  be  placed  to  permit  the  needle  to  be  seen. 
As  soon,  then,  as  this  twisting  tendency  is  observed,  the 
magnet  should  be  slightly  removed,  till  the  tendency 
just  disappears  and  the  needle  is  left  just  sufficiently 
under  the  directing  influence  of  the  earth  to  keep  it  in 
the  meridian.  The  instrument  will  now  be  found  to 
be  very  sensitive.  When  both  coils  are  to  be  used  a 
wire  must  be  carried  from  a  binding  screw  of  one  to 
a  binding  screw  of  the  other ;  thus,  the  binding  screw 
marked  1  of  the  first  coil  to  that  marked  2  of  the  second, 
or  3  to  4,  one  vacant  screw  of  each  coil  receiving  one 
of  the  wires  conveying  the  current.  To  diminish  the 
effect  of  the  current  on  the  needle,  the  coils  may  be 
removed  by  the  sledge  arrangement  a  little  way  from 
the  copper  chamber  ;  a  centimetre  scale  pasted  at  the 
side  indicates  the  distance.  When  both  coils  are  close 
over  the  chamber  the  most  intense  eflect  is  obtained. 
One  coil  only  may  be  used  ;  or,  to  get  a  differential 
effect,  one  current  may  be  caused  to  traverse  one  coil, 
and  the  current  to  be  compared  with  it,  the  other. 

For  demonstration  purposes,  a  beam  from  a 
lime  or  electric  light,  placed  at  a  considerable  distance 
from  the  boussole,  is  received  on  a  small  plane  mirror, 
and  thrown  on  to  the  mirror  attached  to  the  magnet. 
The  reflected  spot  is  caught  on  a  white  scale  placed 
at  some  distance,  6  to  15  feet,  according  to  the 
amount  of  magnification  desired.  The  scale,  of 
course,  must  be  horizontal  to  the  coils.  With  such 
an  arrangement  the  author  has  assisted  in  showing 
galvanometer  experiments  of  extreme  delicacy  to  as 
many  as  2,000  people  at  once. 

For  private  work  a  reflected  spot  of  light  is 
not  used.    At  a  distance  of  from  6  to  9  feet  from 
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the  boiissole  is  placed  a  table,  on  which  stands  an 
astronomical  telescope.  Above  the  telescope,  sup- 
ported on  uprights,  is  a  metre  scale  ss,  which  is  divided 
into  centimetres  and  millimetres.  Each  centimetre 
is  marked  with  reversed  numbers  (Fig.  57).  The 
table  is  so  placed 
that  the  scale  is 
dii-ectly  opposite 
the  mirror,  and  at 
right  angles  to  the 
axis  of  the  tele- 
scope. With  a 
little  trouble,  the 
position  of  table 
and  scale  is  so  ar- 
ranged that,  on 
looking  through 
the  telescope,  the 
mirror  of  the  boussole  is  seen,  and  the  image  of 
the  scale  reflected  in  it,  the  numbers  of  the  scale 
being  seen,  of  course,  in  the  ordinary  position.  By 
adjusting  the  scale  with  a  rack  and  pinion  its  0  mark 
can  be  brought  into  the  centre  of  the  field,  and  made 
to  coincide  with  the  vertical  thread  of  the  telescope. 
The  distant  pulley  (p-,  Fig.  56)  of  the  accessory  magnet 
should  be  clamped  to  the  telescope  table.  The  slightest 
movement  of  it  will  cause  a  deflection  of  the  needle, 
and  this  will  be  obseiwed  through  the  telescope,  when 
it  will  appear  as  if  the  scale  were  drawn  across  the 
mirror.  When  the  needle  comes  to  rest,  the  reading, 
through  the  telescope,  of  the  number  now  reflected  in 
the  mirror  will  indicate  the  amount  of  deflection. 

On  the  same  table  on  which  are  placed  the  tele- 
scope and  stand  may  be  fixed  keys  and  other  arrange- 
ments, these  being  connected  with  the  galvanometer 
by  long  wires,  carried  out  of  the  way,  overhead,  to  the 
instriimtent. 


Fig.  57.— Telescope  and  Scale. 
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The  advantages  of  Wiedemann's  boussole 
are,  that  by  the  copper  damper,  the  arrangement  of 
the  coils,  and  the  accessory  magnet,  the  needle  is  made 
quite  "  aperiodic,"  or  "  dead  beat."  In  other  words, 
when  affected  by  a  current,  it  swings  round  with  com- 
parative slowness  till  the  maximum  deflection  is  ob- 
tained, which  it  reaches,  and  at  which  it  rests,  without 
oscillation.  When  the  current  is  withdrawn,  it  swings 
back  and  stops,  again  without  oscillation,  at  the  zero 
point ;  if  it  should  pass  the  zero  point,  a  current  in 
the  contraiy  direction  would  be  indicated. 


CHAPTER  XI. 


THE  USE  OF  THE  GALVANOMETER  IN  PHYSIOLOGY. 

The  great  purpose  for  which  the  galvanometer  is 
employed  is  the  detection  of  electrical  currents  in 
living  tissues  ;  the  object,  indeed,  of  all  the  search  for 
means  of  obtaining  sensitive  instruments,  and  the 
indirect  cause  of  the  discovery  of  galvanic  electricity 
and  all  its  subsequent  developments.  For  an  account 
of  the  history  and  theories  of  animal  electricity,  and 
for  a  discussion  of  the  electrical  currents  detected  in 
muscle,  nerve,  and  other  textures,  reference  must  be 
made  to  the  ordinary  physiological  text-books.  What 
will  be  described  in  this  chapter  are  the  apparatus 
employed  and  the  arrangements  made  for  detecting 
the  currents  and  estimating  their  amount,  and  for 
other  similar  experiments. 

At  the  outset,  however,  it  is  evident  that  the 
extreme  sensitiveness  of  the  galvanometer  throws 
great  difficulty  in  the  way.  For  it  is  evident  that 
very  slight  changes  in  the  arrangements  by  which 
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muscles,  nerves,  or  other  structures  are  brought 
into  the  circuit  of  the  galvanometer,  might  produce 
feeble  electrical  currents,  which  would  cause  deflec- 
tions of  the  needle  and  would  be  erroneously  attri- 
buted to  the  tissue  being  examined.  Such  a  source  of 
error  is  found  in  what  is  termed  polarisation  of  the 
electrodes. 

Polarisation  of  the  electrodes.  —  If  two 

platinum  electrodes  have  been  immersed  in  acidulated 
water,  and  have  been  conveying  a  current  for  decom- 
position, the  positive  pole  will,  after  some  time,  be 
found  covered  with  bubbles  of  oxygen,  while  hydrogen 
will  be  collected  at  the  negative  pole.  If,  now,  these 
electrodes  be  suddenly  disconnected  with  the  battery, 
and  connected  with  a  galvanometer,  the  needle  will 
be  deflected  in  such  a  way  as  to  show  a  current  in  an 
opposite  direction  to  the  original  battery  current. 
This  is  due  to  the  fact  that  the  negative  pole  coated 
with  hydrogen  becomes  positive  to  the  positive  pole 
coated  with  oxygen.  This  current  naturally  will 
weaken  the  original  current.  This  occurrence  is  called 
POLARISATION  OF  THE  ELECTRODES.  Similai'ly,  if  a 
nerve  be  laid  across  two  copper  wires,  and  a  current 
passed  to  the  nerve,  the  electrodes  will  speedily  be- 
come polarised,  and  so  sources  of  error  will  be  in- 
troduced into  an  experiment.  In  much  the  same  way, 
if  a  fresh  muscle  were  to  be  connected  to  a  galvano- 
meter by  means  of  copper  electrodes,  a  movement  of 
the  needle  would  be  apparent  at  once ;  but  this  mi-^ht 
be  due  simply  to  changes  in  the  condition  of  the 
electrodes  produced  at  the  two  points  of  contact,  and 
not  to  any  current  obtained  from  the  muscle.  Even 
very  clean  platinum  electrodes  would,  aftcn-  the  lapse 
of  a  little  time,  cease  to  be  in  precisely  the  same 
electrical  condition,  and  would  thus  give  rise  to  electro- 
motive force.  To  meet  such  objections,  \)xx  Bois- 
iteymond  constructed  what  are  called  non-polarisable 
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ELECTRODES.  He  took  advantage  of  a  discovery  of 
Regnaiild,  that  a  strip  of  chemically  pure  zinc  plunged 
into  a  solution  of  neutral  sulphate  of  zinc  exhi- 
bited no  polarisation,  a  discovery  to  which  Matteucci 
added  the  fact  that  ordinary  zinc,  properly  amal- 
gamated, had  the  same  property  when  plunged  in  a 
saturated  solution  of  the  sulphate.  Du  Bois,  there- 
fore, constructed  troughs,  of  the  shape  shown  in  Fig. 
58,  made  of  zinc,  and  insulated  by  having  a  base  of 
vulcanite.  The  inner  surface  of  the  trough  is  care- 
fully amalgamated,  and  the  outer  surface  coated  with 
a  layer  of  black  varnish,  to  prevent  the  sulphate  getting, 
access  to  any  unamalganiated  zinc.  By  an  insulated 
handle  g  the  trough  can  be  lifted,  while  on  the  base  is 

a  binding  screw     for  the  at- 
tachment of  wires.  Cushions, 
called  DERIVING  cushions, 
are  made  of  white  Swedish 
filtering  paper.    They  must 
be  thick  enough  to  fill  up 
the  cavity  of  the  troughs. 
The  sides  should  be  perpen- 
dicularly cut  with  a  sharp 
razor.  The  various  layei-s  of 
the  cushion  should  be  secured 
by  stitching  at  one  end.  The 
cushion    is    placed  in  the 
trough,  and  folded  over  the  lip,  the  projecting  part 
being  terminated  by  a  perpendicular  section  h.  The 
cushion  is  soaked  in  the  zinc  solution  before  being 
finally  arranged  in  the  trough,  and,  when  placed,  is 
retained  in  position  by  a  plate  of  ebonite  s,  and  an 
indiarubber  band;   the   trough   is  then   filled  up 
with  the  saturated  solution  of  zinc.  Two  such  troughs 
are  prepared  and  put  into  connection  with  the  wires 
from  the  galvanometer.    It  is  easily  seen  that  if  both 
are  not  supplied  with  the  same  strength  of  zinc 


Fig. 


58.— Non-Polarisable  Elec- 
teodes. 
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solution,  the  two  troughs  will  not  be  in  the  same  con- 
dition. If  now  a  piece  of  tissue  were  placed  upon  the 
DERIVING  CUSHIONS  of  the  non-polarisable  electrodes, 
the  zinc  solution  would  attack  it,  corrode  it,  and 
vitiate  any  result.  To  prevent  this,  a  piece  of  sculp- 
tor's clay  is  made  into  a  soft  mass  -with  a  |-  to  1  per 
cent,  solution  of  common  salt,  which  is  a  good  con- 
ductor. This  is  made  into  a  thin  sheet,  and  is  folded 
over  the  cushion,  as  shown  in  Fig.  58,  p.  It  is  called 
THE  CLAY  GUARD.  To  limit  the  part  of  the  clay  guard 
to  be  touched  by  the  piece  of  tissue,  a  small  piece  of 
thin  mica  may  be  placed  on  the  guard. 

The  clay  guard  is  not  used  merely  to  prevent 
corrosion  and  destruction  of  the  tissue.    If  the  animal 


rig.  59.— Non-Polarisable  Tube-Electrodes. 

tissue  were  placed  directly  upon  the  deriving  cushions 
soaked  in  its  zinc  solution,  a  peculiar  action  would 
take  place  between  the  liquid  conductor  and  the 
tissue,  the  result  of  which  would  be  the  develop- 
ment of  what  is  called  secondary  resistance,  which 
would  grievously  diminish  the  intensity  of  any  current 
that  might  be  present.  Salt  solution  is  found  incap- 
able of  developing  this  secondary  resistance  wlien  in 
contact  with  animal  tissues,  while  at  the  same  time  it 
is  a  good  conductor. 
I — 7 
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A  second  form  of  non-polarisable  electrodes  is  seen 
in  Fig.  59.  A  flattened  tube  of  glass  r  contains  a 
slip  of  amalgamated  zinc.  The  end  of  the  tube  is 
closed  by  the  moistened  sculptor's  clay,  and  the  tube 
itself  is  filled  with  the  zinc  solution.  The  clay  pro- 
jects from  the  end  of  the  tube,  and  the  projecting  part  t 
can  be  made  of  any  shape,  and  can  be  sharply  pointed 
so  as  to  touch  just  a  point  of  the  tissue  to  be  examined. 
The  tube  is  mounted  on  a  universal  joint  A,  and  sup- 
ported on  a  brass  upright  s.  These  electrodes  are  not 
only  suitable  for  leading  off  a  cui'rent  to  the  galvan- 
ometei',  but  also  for  leading  currents  to  nerve  or 
muscle.  They  are  free  from  polarisation,  even  after 
being  used  for  hours.  ■  A  nerve  to  which  they  have 
conducted  a  cvirrent  is  not,  therefore,  injured  by 
products  of  electrolytic  action,  which  Avould  have  col- 
lected at  the  poles  of  ordmary  metallic  electrodes. 

To  amalgamate  the  troughs  or  slips  of  zinc 
the  best  fluid  is  Berjot's  amalgamating  fluid.  The 
directions  for  making  it  are  as  follows  :  "  Dissolve 
at  a  gentle  heat  200  grammes  of  metallic  mercury  in 
1,000  grammes  of  a  mixture  of  one  part,  by  weight,  of 
nitric  acid,  and  three  parts  of  hydrochloric  acid,  and 
then  add  1,000  grammes  of  the  last-mentioned  acid." 
When  not  in  use,  the  liquid  should  be  kept  in  a  well- 
stoppered  bottle,  and  placed  in  a  cool  dark  place,  to 
prevent  decomposition. 

The  resistance  ofTered  by  such  non-polarisable 
electrodes  is  considerable.  To  i-educe  it  to  the  mini- 
mum, the  cushions  of  both  troughs  should  be  soaked 
for  several  hours  in  the  zinc  solution,  then  gently 
squeezed  to  express  excess  of  fluid  and  air  bubbles. 
They  should  fit  the  troughs  as  accurately  as  possible, 
so  that  the  layer  of  zinc  solution  required  to  fill  up 
the  trough  is  not  great.  Further,  the  clay  guards 
should  be  so  placed  on  the  cushions  that  no  bubbles  of 
air  may  be  between  them,  for  this  would  greatly  add 
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to  the  resi-stance.  It  is  also  to  be  noted  that  the  con- 
siderable resistance  offered  by  the  deriving  vessels  is 
largely  counterbalanced  by  the  absence  of  polarisation 
which,  when  propei-ly  prepared,  they  ensure. 

To  put  the  cushions  in  circuit,  carry  a  fine 
silk-covered  copper  wire  from  the  binding  screw  of 
one  trough  to  one  side  of  a  friction  key,  and  another 
wire  from  the  second  trough  to  the  other  side  of  the 
key,  and  then  carry  a  wire  from  each  side  of  the  key 
to  the  binding  screws  of  the  galvanometer.  When 
the  key  is  closed,  the  troughs  are  connected  in  shoi't 
circuit ;  when  the  key  is  opened,  they  are  placed  in 
communication  with  the  galvanometer. 

The  troughs  have  a  closing  cushion,  which  is  made 
out  of  the  same  blotting  paper  and  saturated  with  the 
same  solution  as  the  others.  It  is  used  for  connecting 
both  troughs  by  being  placed  as  a  bridge  between  the 
deriving  cushions. 

To  test  the  electrodes,  connect  them  with  the 
galvanometer  by  a  friction  key  as  already  described  ; 
get  the  needle  of  the  galvanometer  at  rest  at  the  zero 
point  in  the  way  already  indicated  (i)age  103),  connect 
the  two  troughs  by  the  closing  cushion,  and  open  the 
key.  The  needle  should  remain  stationary,  indicating 
absence  of  all  currents  from  the  apparatus.  Fre- 
quently, however,  there  will  be  a  slight  deflection  to 
one  side  or  another,  indicating  that  the  two  troughs 
are  not  quite  homogeneous.  Close  the  key,  turn  the 
closing  cushion  so  as  to  change  the  ends  in  contact 
with  the  troughs,  and  open  the  key  ;  if  the  deflection 
is  this  time  to  the  opposite  side,  it  is  this  cushion  that 
is  at  fault.  This  may  be  rectified  by  soaking  it  fo? 
some  time  longer  in  saturated  zinc  solution  so  as  to 
make  it  homogeneous  throughout,  or  by  making  a  new 
one.  Suppose  the  changed  position  of  the  closing 
cushion  does  not  alter  the  deflection,  the  fault  does  not 
rest  with  the  cushion.    In  the  same  way,  by  clianging 
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the  deriving  cushions  from  one  trough  to  another,  it 
may  be  seen  whether  they  are  at  fault.   As  a  i-ule,  the 
error  ■will  be  found  to  exist  in  the  amalgamation  of 
the  troughs,  or  in  theii'  outer  varnishing,  -which  may 
have  cracked  somewhere  so  as  to  expose  unamalga- 
mated  zinc,  or  in  want  of  saturation  of  the  zinc 
solution.    The  sources  of  error  being  removed  by  the 
evident  remedy,  the  deflection  will  disappear.  Often 
a  very  slight  deflection  may  be  caused  to  vanish  by 
setting  up  the  troughs  for  twenty-four  hours  before 
they  are  required  and  letting  them  stand  for  that 
time,  connected  by  means  of  the  closing  cushion  and  a 
short  piece  of  thick  copper  wire  passing  between  the  two 
binding  screws.    To  prevent  evaporation,  the  troughs 
should  be  covered  with  a  glass  shade,  the  inside  of 
which  has  a  few  pieces  of  wet  blotting  paper  adhering 
to  it.    It  is  not  necessary  to  make  fresh  cushions  on 
every  occasion  the  troughs  are  used.    If  they  have 
been  properly  stitched  they  may  be  placed  in  a  well- 
stoppered  bottle  with  sufficient  zinc  solution  to  cover 
them.    If  they  are  regularly  returned  to  the  bottle 
after  being  used,  they  may  keep  for  years,    li  they 
have  been  permitted  to  get  encrusted  with  zinc  salts 
by  evaporation,  suspend  them  for  twenty-four  hours  in 
distilled  water.    At  the  end  of  that  time  gently 
express  the  water,  and  then  place  them  for  a  few 
hours  in  a  saturated  solution  of  the  zinc  sulphate, 
after  which  they  will  be  again  ready  for  use. 

To  determine  the  dii-ectioii  of  the  current 
sent  through  the  galvanometer  a  preliminary  experi- 
ment is  necessary.  Let  the  galvanometer  be  con- 
nected with  a  key  in  short  circuit ;  to  one  wire  from 
this  key  attach  a  slip  of  zinc,  and  to  the  other  a  slip 
of  copper.  Place  the  slips  in  a  glass  with  dilute  sulphuric 
acid,  so  that  they  just  dip  into  the  fluid.  From  this 
small  element  send  a  momentary  current  to  the 
galvanometer  by  quickly  opening  and  closing  the  key. 
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The  needle  will  be  suddenly  deflected  to  one  side,  and 
then  will  return  to  zero.  Now,  since  copper  is  the 
positive  pole,  the  wii-e  connected  with  it  is  +,  and  so 
it  is  known  that  when  this  wire  is  positive,  the  needle 
will  be  deflected  in  a  particular  direction.  Suppose 
the  deflection  be  to  the  right,^then  disconnect  the 
slips  of  copper  and  zinc,  and  connect  the  wire  that 
was  positive  to  the  trough  on  the  right  hand.  Thus 
it  will  always  be  known  that  when  the  deflection  is 
to  the  right,  the  trough  on  the  right  hand  is  positive  ; 
when  the  deflection  is  to  the  left,  the  trough  on  the 
left  hand  is  positive. 

To  obtain  the  electrical  current  from  living 
muscle,  take  the  adductor  magnus  muscle,  or  the 
gastrocnemius,  of  the  newly-killed  frog.  Make  a 
clean  transverse  section  at  one  end,  and  lay  the 
muscle  on  the  clay  guards  of  the  troughs,  disposing 
the  plates  of  mica  in  such  a  way  that  only  the  middle 
of  the  longitudinal  sui-face  is  allowed  to  touch  one 
pad,  and  the  centre  of  the  transverse  section  the 
other  one.  The  troughs  being  arranged  in  short 
circuit,  open  the  key,  and  at  once  a  great  deflection 
will  occur,  indicating  a  current  from  the  muscle. 
If  the  direction  of  the  current  be  determined, .  it  will 
be  found  to  pass  oid  of  the  muscle  hy  the  longitudinal 
surface.  By  making  the  surfaces  touch  opposite 
cushions,  the  deflection  will  be  reversed.  By  alter- 
ing the  position  of  the  muscle,  touching  now  two 
surfaces  and  now  two  sections,  the  experiments  may 
be  varied  till  the  student  has  worked  out  for  him- 
self the  various  results  given  in  the  descriptions  of  the 
phenomena  in  the  text-books.  The  electrodes  shown 
m  Fig.  59,  and  already  referred  to,  aff"ord  the  most 
convenient  moans  of  studying  the  difterences  of 
different  jioinls  of  the  muscle.  Tlie  muscle  is  laid 
upon  a  perfectly  clean  glass  plate  supported  on  a 
stand,  and  the  flnely-jiointed  ends  of  the  clay  talons 
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of  the  electrodes  laid  on  different  points  of  the  muscle 
to  be  examined,  so  that  the  position  of  the  most 
positive  and  most  negative  points  of  the  muscle,  etc., 
can  be  discovered. 

Negative  variation  of  the  muscle  current. — 
Fig.  60  represents  diagramatically  the  arrangements 
necessary  for  this  experiment.  On  the  right  hand 
and  upper  part  of  the  figure  are  the  troughs,  with  a 
gastrocnemius  muscle  prepared  with  the  sciatic  nerve 


Pig.  60.— Arrangements  for  Negative  Variation 


attached.  The  muscle  is  laid  with  a  transverse  section 
on  one  electrode,  and  a  longitudinal  surface  on  the 
other.  (The  centre  of  each  should  touch  the  pad.)  The 
troughs  are  placed,  through  the  intermedium  of  a  key, 
in  connection  with  the  galvanometer.  The  nerve  is 
laid  across  the  platinum  electrodes,  which  are 
connected  through  a  short-circuiting  key  with  the 
secondary  coil  of  an  induction  machine,  the  primary 
of  which  is  in  circuit  through  Wagner's  hammer  with 
a  key  and  a  Daniell's  cell.  The  needle  being  at  zero, 
the  circuit  of  the  troughs  is  opened,  and  the  needle  is 
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deflected  by  the  muscle  current ;  the  key  of  the 
primary  circuit  is  then  closed,  and  that  of  the  short 
circuit  opened,  so  that  the  muscle  is  tetanised,  when 
the  needle  will  be  found  to  swing  back,  sometimes 
almost  to  zero.  On  closing  the  short  circuit  the 
muscle  ceases  to  be  stimulated,  tetanus  disaj^pears, 
and  the  needle  is  again  defl.ected,  but  not  so  much  as 
before.  Care  must  be  taken  that  the  induction  coil 
is  so  far  away  from  the  galvanometer  that  the 
opening  and  closing  of  its  circuit  have  no  effect  on 
the  needle,  and  also  that  the  position  of  the 
muscle  is  not  shifted  during  contraction.  A  good 
way  to  obtain  the  latter  with  certainty  is  to  use 
the  electrodes  (Fig.  59),  and  to  make  the  points 
press  accurately  on  the  centre  of  cross-section  and 
longitudinal  surface.  To  prove  that  the  tetanising 
current  does  not  gain  access  to  the  galvanometer 
circuit  and  cause  an  error,  tie  a  piece  of  wet  silk 
thread  round  the  nerve  below  the  exciting  electrodes, 
and,  everything  else  being  unmoved,  send  on  the 
tetanising  stream  as  before.  The  continuity  of  the 
nerve  for  nervous  stimulation  has  been 
destroyed  ;  no  tetanus  occurs  in  the  muscle, 
and  no  negative  variation  arises.  The 
continuity  of  the  nerve  for  electrical  cur- 
rents is,  however,  still  unimpaired,  so 
that  the  negative  variation  is  not  due  to 
any  diffusion  of  electrical  currents  from 
the  exciting  electrodes. 

The  electric  currents  of  nerves  ^Ne'rve*'^a7 
may  be  demonstrated  in  a  similar  wav  ™"sed  on 
xiere  also  it  will  be  found  convenient  to  poinrisaWe 
use  the  tube  electrodes.  The  nerve  (a  long  'lroiJ:^°'" 
piece  of  the  sciatic  nerve)  may  be  laid 
over  one  clay  point  turned  up  into  a,  liook,  and  the 
two  depending  ends  made  to  touch,  by  tlieir  transverse 
section,  the  clay  point  of  the  second  electrode,  placed 
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below  the  first.  ((S'ee  Fig.  61.)  Negative  variation  can 
also  be  produced  in  the  current  from  nerves,  though 
the  nerve  current  causes  a  much  smaller  deflection 
than  the  muscle  current.  For  this  purpose  one  end  of 
the  nerve  should  be  laid  over  the  platinum  electrodes 
arranged  in  connection  with  an  induction  coil,  as 
described  for  the  negative  variation  of  muscle. 

To  measure  the  electromotive  force  of  the 
muscle  or  nerve  current,  Du  Bois-E-eymond  made  use 
of  a  method  devised  by  Poggendorfi*  to  measui*e  the 
electromotive  force  of  inconstant  cells.  The  principle 
of  the  method  may  be  compared  to  the  principle  of 
weighing,  which  consists  in  placing  the  body  to  be 
weighed  on  one  side  of  a  balance,  and  accurately 
counterbalancing  its  effects  by  standard  bodies,  whose 
amount  can  be  varied  at  pleasm-e,  placed  on  the 
opposite  side.  Thus  the  muscle  cui-rent  is  sent  round 
the  galvanometer,  and  deflects  the  needle  in  a  par- 
ticular direction.  A  current,  whose  amount  can  be 
varied  at  pleasure  and  always  accurately  estimated,  is 
sent  round  the  galvanometer  in  the  opposite  direction, 
of  such  a  strength  that  it  exactly  neutralises  the 
muscle  current.  This  is  indicated  by  the  return  of 
the  needle  to  the  zero  point.  The  amount  of  the 
COMPENSATING  CURRENT,  as  it  is  Called,  is  then  read 
off",  and  it  is  a  measure  of  the  muscle  current.  Fig. 
62  is  a  representation  of  the  scheme  of  compensation. 

A  reference  to  the  description  of  the  rheocord 
(page  78,  Fig.  42)  will  show  that  in  this  instrument  a 
means  is  afforded  of  gi'aduating  to  any  extent  the 
strength  of  the  compensating  or  measuring  current. 
A  simpler  arrangement  than  the  rheocord  is,  however, 
found  to  suit  the  purpose.  It  consists  practically  of 
a  single  wire  of  the  rheocord  (Fig.  62,  ab),  a  uniform, 
wire  of  brass  2  metres  long  and  1-75  mm.  in 
diameter.  It  is  stretched  on  a  piece  of  wood  be- 
tween two  brass  plates,  fitted  with  binding  screws 
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A  and  B.  On  the  wire  is  a  slider  s,  which  may  be 
moved  from  one  end  to  the  other,  and  makes  contact 
all  the  way.  It  also  carries  a  binding  screw.  This 
simple  rheocord  is  called  the  long  compensator. 
From  a  constant  element  (e,  Fig.  62)  lead  a  wire  to 
A,  and  anpther  to  b.  A  key 
may  be  interposed  on  the  way. 
From  A  and  s  wires  are  led  to 
the  side  cups  of  the  commu- 
tator ivhich  has  the  cross  in, 
and  from  end  cups  wires  go  to  g, 
the  galvanometer.  Now  the 
current  from  e  will  pass  to 
A,  and  may  here  branch  into 
two  circuits,  the  long  circuit 
by  the  commutator  to  G  and  back 
through  the  commutator  to  s, 
then  on  to  B  and  back  to  E,  and 


the  short  circuit  straight  alono- 


E 

Fig.  62.— Scheme  of  Com- 
pensation. 


the  wire  ab  and  back  to  e. 
Now,  if  the  slider  s  is  close  up  to  A,  it  is  easy  to  see 
that  all  the  current  will  be  shortcircuited,  and  none  will 
go  through  the  galvanometer.  If,  however,  the  slider 
is  moved  away  from  a,  then  a  small  amount  of  the 
current  will  find  its  way  through  G,  and  this  current 
mcreases  the  farther  s  is  removed  from  a.  In  fact, 
the  amoimt  of  current  sent  through  g  will  be  propor- 
tional to  the  distance  as.  Thus  the  strength  of  the 
current  .sent  through  g  can  be  varied  at  ple°asure  and 
measured.  Further,  the  current  can  be  sent  in  either 
direction  through  g  by  mean.s  of  the  commutator.  If 
the  commutator  be  down  towards  1,  the  current  will 
pass  m  the  direction  of  the  continuous  arrow ;  if  the 
commutator  be  down  towards  2,  the  current  will 
traverse  g  m  the  direction  of  tlie  dotted  arrow. 

To  cany  out  the  scheme,  the  trouglis  are  arnuigod  in 
the  circuit  of  the  galvanometer,  as  represented  iii  Fig. 
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63.  The  element  K  is  connected  with  the  long  com- 
pensator at  a  and  h.  From  a  and  c  (c  is  the  slider) 
wires  go  to  the  commutator  c,  the  cross  being  in,  and 
from  the  end  cups  of  c  wires  proceed,  one  to  the  bous- 
sole  B,  the  other  to  the  troughs  T,  and  from  them  to  B, 
a  key  (not  represented  in  the  figure)  being  interposed. 


K 

Fig.  63.— ComiJensation  of  Muscle  Current. 


To  perform  the  experiment,  push  c  close  up 
to  a,  and  be  sure  that  it  makes  contact  with  it,  so 
that  no  current  from  K  at  present  gets  access  to  b. 
The  muscle  current,  however,  can  pass  round  b. 
Note  the  direction  of  the  needle's  deflection  when  the 
muscle  is  so  j^laced  as  to  touch,  say,  the  right-hand 
trough  with  the  transverse  section.  Then  remove  the 
muscle,  and  connect  the  troughs  by  the  closing  cushion. 
The  needle  being  again  at  zei-o,  slowly  remove  the 
slider  from  a;  a  portion  of  the  current  from  the 
Daniell  will  get  to  b,  and  will  deflect  the  needle.  Note 
how  the  position  of  the  commutator  is  related  to  the 
direction  of  deflection.  Now  push  c  again  into  con- 
tact with  a,  replace  the  muscle ;  open  the  key,  and  get 
the  deflection  due  to  the  muscle  current.    Lay  the 
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commutator  over,  so  that  a  current  from  k  would 
deflect  the  needle  in  the  opi^osite  direction.  Then 
slowly  push  c  away  from  a.  Step  by  step,  with  the 
pushing  away  of  c,  the  needle  will  swing  back  towards 
zero,  till  a  point  is  reached  when  it  is  exactly  at  zero. 
In  this  condition  of  afiairs,  a  current  from  the  muscle 
passes  round  B  in  one  direction,  a  portion  of  a  Daniell 
current  passes  round  B  in  an  opposite  dii'ection,  and, 
since  the  needle  is  at  zero,  both  these  currents  are 
equal,  that  is,  they  neutralise  one  another.  Thus 
tlie  amount  of  Daniell  sent  is  the  measure  of  the 
amount  of  muscle  current,  and  this  is  proportional  to 
the  distance  between  a  and  c.  To  put  it  more  accu- 
rately, the  difference  of  potential  between  a  and  c  is 
equal  to  the  difference  of  potential  between  the  two 
points  of  the  muscle  in  contact  with  the  clay  guards 
of  the  electrodes.  Putting  it  that  the  difference  of 
potential  between  a  and  c  is  dii-ectly  proportional  to 
the  electromotive  force  of  the  muscle  current,  it  will 
be  understood  that  if  the  compensator  wire  were  pre- 
viously graduated,  it  would  be  possible  to  arrive  at  an 
accurate  estimate  of  the  amount  of  that  force  without 
any  delay.  This  previous  graduation  is,  however, 
necessary.  That  is  to  say,  ab  being  a  uniform  wire, 
having  a  millimetre  scale  pasted  beneath  it,  and  the 
current  through  ah  being  constant,  it  is  possible  to  so 
graduate  the  compensator  that  every  millimetre  of  the 
wire  through  which  the  slider  c  is  moved  is  equal  to 
a  determined  amount  of  current.  It  is  then  only 
necessary  to  read  off  the  distance  between  a  and  c,  in 
order  to  learn  the  amount  of  the  constant  current 
which  has  been  required  to  compensate  for  the  muscle 
current. 

To  put  it  in  another  way,  suppose  the  resistance  of 
the  rheocord  wire  to  be  infinitely  great  in  comparison 
with  the  internal  resistance  of  the  Daniell,  then  the 
resistance  of  ac  will  have  the  same  ratio  to  the  whole 
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resistance  of  the  rlieocord  circuit  as  tlie  fraction  of  the 
Daniell  current  sent  round  the  galvanometer  has  to 
the  whole  current  of  the  Daniell.  But  the  fraction 
sent  round  b  is  the  measure  of  the  muscle  current,  so 
the  resistance  of  ac  will  be  to  the  resistance  of  the 
circuit  as  the  current  of  the  muscle  is  to  that  of  the 
Daniell.  Now  the  resistance  of  ah,  the  rheocord 
wire,  may  be  made  very  great  in  comparison  to  that 
of  the  Daniell,  by  interposing  a  resistance  box,  offering 
say  5,000  ohms  resistance,  between  h  and  e,  and  this 
box  becomes  part  of  the  circuit  kci6k,  and  is  as  it 
were  a  prolongation  of  ah.  For  simplicity  this  has 
not  been  shown  in  the  diagram.  Let  us  represent  the 
result  by  a  formula.  Let  V  be  the  electromotive  force 
of  the  muscle  current,  and  E  the  electromotive  force 
of  the  Daniell ;  let  E.  equal  the  resistance  of  the 
rheocord  wire  between  a  and  c,  the  length  that  permits 
of  compensation  of  the  muscle  current,  and  let  E.  +  E,' 
be  the  resistance  of  the  whole  circuit  Ka6K ;  then  the 
electromotive  force  of  the  muscle  current  is  to  the 
electromotive  force  of  the  Daniell  as  the  resistance  be- 
tween a  and  c  is  to  the  total  resistance  of  the  Daniell 
and  rheocord  circuit.    That  is, 

Z  =     ^    ,  and  therefore  V  =  x  E. 

Now  E  is  known  (it  is  the  electromotive  force  of 
the  Daniell),  previous  graduation  of  the  rheocord  wii-e 
gives  E,,  and  we  have  supposed  E'  to  equal  5,000  ohms, 
therefore  it  is  only  necessary  to  substitute  for  E,  E  and 
E',  their  values,  and  the  electromotive  force  of  the 
muscle  current  V  is  obtained. 

The  round  compensator  of  Du  Bois-Reymond 
is  a  much  more  convenient  instrument  with  which  to 
make  these  compensation  measurements  than  the 
ordinai-y  long  compensator.  The  round  compensator 
is  shown  in  Fig.  64.    It  consists  of  a  platinum  wire, 
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wliich  rests  in  a  groove  on  the  circumference  of  a 
circular  disc  of  ebonite.  The  wire  is  one  millimetre 
thick,  and  is  marked  off  by  a  scale  round  the  cii'cum- 
ference  into  1,000  millimetres.  A  little  platinum 
wheel  r  makes  contact 
■svith  the  platinum  wiz'e, 
against  which  it  is  kept 
pressed  by  a  spring  pro- 
jecting from  the  support 
at  the  side.  The  disc 
is  movable  on  a  vertical 
axis,  and  is  turned  by 
the  small  projections 
on  its  under  surface. 
When  it  is  turned  the 
wheel  r  revolves  on 
the  wire.  The  beginning  of  the  platinum  wire  is 
connected  with  the  screw  i,  the  end  with  the  screw 
II.  The  wheel  r  is  in  communication  with  the 
screw  ni,  and  a  very  short  distance  from  its  ter- 
mination the  wire  passes  over  a  small  sharp  wedge 
of  platinum,  which  is  connected  with  screw  iv.  The 
connections  are  diagramatically  represented  in  Fig. 
65,  which  shows  further  how  a  Daniell  is  connectexl 
with  screws  i  and  ii,  and  a  galvanometer  and  muscle 
are  interposed  in  the  circuit  of  in  and  iv.  In  the 
circuit  of  the  Daniell  a  commutator  with  cross  should 
be  interposed  to  enable  one  to  reverse  the  direction  of 
the  current,  and  in  the  circuit  of  the  galvanometer  a 
key  should  be  intercalated. 

Tlie  pillar  which  supports  the  platinum  wheel 
(-Fig.  64 )  supports  also  a  simple  microscope  and  a 
vernier,  which  projects  on  to  the  millimHre  scale,  by 
nieans  of  which  can  be  ascertained  the  precise  extent 
of  the  turning  of  the  disc. 

The  round  compensator  is  used  jn-ecisely  as  the 
long  one.     The  element,  galvanometer,  and  troughs 


Fig-.  64. — Bound  Compensator. 
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being  properly  arranged  in  circuit,  as  shown  (Fig.  65), 
the  disc  of  the  instrument  is  turned  so  that  the 
platinum  wheel  rests  on  the  zero  point  of  the  wire. 
The  current  from  the  muscle  is  then  allowed  to  go 
through  the  galvanometer,  and  a 
deflection  results.  The  disc  is  then 
slowly  turned,  so  that  the  zero 
poinb  is  carried  away  from  the  wheel. 
This  permits  the  Daniell  current 
access  to  the  galvanometer,  and  the 
needle  slowly  returns  as  the  disc 
moves.  When  the  needle  is  again 
at  zero  of  the  scale,  the  disc  is 
AA  allowed  to  remain  where  it  is,  and 

^  then  the  new  position  of  the  platinum 

""'^•R'aunf  compen-  ^^eel  T  is  read  off.     The  distance 
sator.  now  between  zero  of  the  wire  and 

r  is  proportional  to  the  strength  of 
the  branch  current  from  the  Daniel],  sent  through  the 
galvanometer  to  compensate  for  the  muscle  current. 

EflTect  of  electrotonus  on  electromotive 
force.— "With  the  aid  of  the  galvanometer,  then,  it 
has  been  found  that  muscles  and  nerves  give  rise  to 
an  electric  current,  that  is,  develop  electromotive 
force.  It  has  been  mentioned  towards  the  close  of 
chapter  viii.,  that  the  passage  of  a  constant  current 
of  electricity  through  a  nerve  alters  its  electromotive 
force,  but,  because  it  involves  the  use  of  the  galvano- 
meter, it  was  left  to  this  chapter  to  show  how  this  is 
proved.  The  arrangement  is  precisely  that  already 
described  ;  a  long  nerve  is,  however,  required.  Let  the 
zinc  troughs  be  placed  in  connection  with  the  galvano- 
meter, a  key  being  interposed,  and  let  the  nerve  be 
placed  with  the  transverse  section  of  one  end  on  one 
clay  pad,  and  let  a  part  of  the  longitudinal  surface 
near  that  end  touch  the  clay  of  the  other  trough. 
This  leaves  the  other  end  of  the  nerve  free  to  be  laid 
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ovei-  electrodes  for  conveying  the  constant  current  of 
electricity.  These  electrodes  should  be  of  the  non- 
polarisable  type,  of  tlie  tube  form  sliown  in  Fig.  59. 
They  are  connected  with  a  single  Daniell's  element, 
through  the  medium  of  a  commutator  arranged  for 
reversing  the  direction  of  the  current.  The  object  of 
the  nerve  being  long  is  to  have  the  electrodes  which 
convey  the  constant  current,  called  the  exciting 
electrodes,  as  far  away  as  possible  from  the  galvano- 
meter electrodes,  which  are  called  the  deriving  elec- 
trodes. The  key  in  connection  with  the  galvanometer 
is  opened,  and  the  natural  nerve  current  is  obtained. 
The  constant  current  is  then  passed  through  the  piece 
of  nerve  laid  over  the  exciting  electrodes,  and  a 
variation  is  at  once  produced  in  the  deflection  of  the 
galvanometer,  indicating  some  change  in  the  electro- 
motive force  of  the  nerve.  On  reversing,  by  means  of 
the  commutator,  the  direction  of  the  constant  current, 
it  is  found  that,  wken  the  constant  current  floivs  in  the 
same  direction  as  the  nerve  current,  the  deflection  of 
the  needle  is  increased,  and  when  the  constant  current 
flows  in  the  opposite  direction  the  needle  deflection  is 
diminished.  The  increase  is  called  the  positive  phase, 
and  the  decrease  the  negative  phase. 

To  prove  that  the  change  is  not  due  to  some  of 
the  battery  current  passing  downwards,  and  getting 
into  the  galvanometer,  a  ligature  is  tightly  applied 
between  the  portion  of  the  nerve  on  the  exciting  and 
the  portion  on  the  deriving  electrodes.  This  ligature 
destroys  the  nervous  conductivity,  but  does  not  destroy 
the  conductivity  for  the  galvanic  current.  But  it  is 
found  that  then  electrotonus  has  no  effect,  so  that  it 
was  not  the  diffusion  of  the  galvanic  current  that 
produced  the  change.  To  succeed  with  this  experiment 
care  must  be  taken  that  insulation  is  complete,  and  no 
moisture  must  be  allowed  to  be  present  to  act  as  a 
conductor. 
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A  further  development  of  the  experiment  may  be 
made  by  using  two  galvanometers  connected  each  with 
zinc  troughs.  Then  arrange  a  long  nerve  so  that  it  is 
in  contact  with  the  two  troughs  of  one  galvanometer 
at  one  end,  and  that  its  other  end  is  laid  in  the  usual 
fashion  on  the  troughs  connected  with  the  second 
galvanometer.  The  galvanometers  each  indicate  a 
current.  The  middle  of  the  nerve  is  laid  on  the 
exciting  electrodes,  and  a  constant  current  passed 
through  it,  when  at  once  the  two  needles  indicate  a 
current,  the  deflection  of  the  one  being  increased,  that  of 
the  other  dimmished,  the  one  end  of  the  wire  being  in 
the  positive,  the  other  in  the  negative,  phase.  This 
shows  that  m  electrotonus  a  new  electromotive  force 
is  produced  which  adds  itself  to  the  natural  nerve 
current  at  the  end  of  the  nerve  where  the  direction  of 
both  coincide,  and  subtracts  from  the  natiu'al  nerve 
current  at  the  end  where  the  direction  of  both 
differs. 

The  employment  of  the  galvanometer  for  measnnng 
time  and  resistances  is  described  in  chapters  xii. 
and  xiii. 


CHAPTER  XII. 

THE  GALVANOMETER  AS  A  MEASURER  OF  TIME. 

It  has  been  seen  (page  102)  that  by  means  of  the 
accessory  magnet  the  period  of  oscillation  of  the 
needle  of  the  galvanometer  can  be  made  very  large, 
and  then  the  deaection  of  the  needle,  under  the 
influence  of  a  current,  occurs  very  slowly.  If  a 
current  lasting  a  very  short  time  in  proportion  to  the 
period  of  the  needles  be  sent  through  the  galvano- 
meter the  current  will  have  ceased  before  the  needle 
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has  begun  to  move.  The  needle  will  then  move  just 
as  if  it  had  received  a  single  blow,  as  it  were,  and 
will  be  deflected  till  the  influence  of  the  earth's 
magneti.sm  neutralises  the  shock,  and  brings  the 
needle  back  to  zero.  Under  these  circumstances  the 
amount  of  observed  defi.ection  of  the  needle  will  be  jiro- 
portioned  to  the  intensity  of  the  current,  and  the  time 
during  ivhich  it  acted.  If,  howe^'er,  the  intensity  of 
the  current  be  always  constant,  but  the  duration  of 
the  current  varied,  then  the  deflection  will  be  pro- 
portional to  the  length  of  time  during  which  the 
current  has  acted,  that  is,  the  extent  of  deflection  will 
measure  the  time.  Thus  by  means  of  the  galvano- 
meter small  intervals  of  time  may  be  measured. 

This  j.rinciple  is  made  use  of  in  estimating  the  latent 
period  of   stimulation  of 
the  muscle,  that  is,  the 
time  that  elapses  between 
the  moment  of  the  muscle 
receiving  a  shock,  and  the 
moment  of  its  response  by 
contraction,  and    in  esti- 
mating   the    rapidity  of 
the  nerve    current.  For 
this    purpose  the  instru- 
ment  shown  in  Fig.  66, 
devised  by  Helmholtz,  and 
modified  by  Eeymond,  has 
been    employed.      It  is 
called  the  frog-interrupter 
(frosch  unterbrecher).  It 
consists  of  a  brass  plate 
supported  by  two  pillars  t  * 

on   a  block  of  mahogany         "^-^'^^  ^-^  i"*-™!''-. 
w,  levelled  by   screws.    From  the  brass  plate  rises 
'1,  "1^,  ivhich  a   forceps  can  slide, 

'ind  he  fixed   .t  any  point   by  a,  screw.      On  tlie 
•I  -/ 
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brass  plate,  pivoted  at  a  and       is  a  lever  which 
rests  at  the  other  end  on  the  plate  by  means  of  two 
screw  points,  q  and  f.    The  screw  point  p  is  of 
platinum,  and  rests  on  an  insulated  plate  of  platmum 
tixed  to  the  table  ;   the  point  of  the  screw  q  is  of 
amalgamated  copper,  and  dips  into  a  little  insulated 
cup  containing  mercury.    Connected  with  p  and  q, 
and  insulated  from  the  table,  are  the  screws  k  and  K ; 
the  latter  screw  in  communication  with  />,  the  former 
with  q.      A  muscle,  supported  in   the  forceps,  is 
directly  suspended  over  the  lever,  and  is  attached  to 
it  by  an  insulating  piece  of  tortoise-shell.  Opposite 
to  this  attachment,  on  the  under  side  of  the  lever,  is 
connected  a  rod,  which  passes  through  a  hole  m  the 
table,  and  supports  a  scale  for  weights.    If  the  m"sde 

be  stimulated  it  will  lift 
the  lever  against  the 
resistance  of  the  weight, 
but  so  long  as  the  le^■er 
rests  on  the  table  the 
weight  does  not  aifect  the 
muscle. 

Now,  suppose  the 
two  wires  from  a  con- 
stant battery  led  to  h' 
and  k.  Let  the  cun-ent 
pass  by  //',  it  will  pro- 
ceed to  the  platinum  plate 
in  connection,  thence  by 
f  along  the  lever  to  q, 
down  through  q  to  the 
"  mercury  cup,  thence  to  I; 
and  back  to  the  element. 
If  the  lever  be  raised  by  the  contraction  of  the 
muscle,  the  current  will  be  interrupted  by  the 
breaking  of  contact  at  f  and  q.  In  this  circuit 
is  interposed  a  galvanometer  g,  a  key  K,  ana 


Pig.  67.— Arrangement  of  Frog-In 
terrupter  and  Galvanometer. 
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pi-imaiy  coil  of  an  induction  machine  i  (Fio-.  67). 
Now,  the  instant  the  key  is  closed  the  current  passes 
through  the  coil,  producing,  therefore,  an  induced 
current  in  the  secondary,  through  the  interrupter,  and 
through  the  galvanometer,  deflecting  the  needle.  But, 
as  we  see,  the  same  current  that  deflects  the  needle 
produces  a  single  induced  ci;rrent,  which  may  be  led 
to  the  muscle,  and  stimulates  it  to  contraction.  As 
soon  a.s  it  contracts,  contact  is  broken  at  p  and  g,  the 
current  is  intern^pted,  and  the  needle  returns  to  zero. 
Now,  practically  the  production  of  the  induced 
current  is  simultaneous  witli  the  closing  of  the 
primary  current,  so  that  the  muscle  is  stimulated  at 
the  same  in.stiut  that  the  primary  circuit  is  closed. 
If,  therefore,  the  muscle  contracted  jirecisely  at  the 
moment  of  stimulation,  it  would  by  its  contraction 
break  the  primary  cii'cuit  the  same  moment  it  was 
closed,  and  no  ctirrent  would  circulate  in  the 
primary  circuit  ;  therefore  no  deflection  of  the 
needle  of  the  galvanometer  would  occur.  But  as  a 
matter  of  fact  the  muscle  does  not  contract  the 
moment  it  is  stimulated,  consequently  for  a  very 
short  time  the  primary  current  affects  the  galvano- 
meter, and  then  the  current  is  interrupted.  The 
needle,  therefore,  is  deflected  to  a  certain  extent  and 
then  returns  to  zero.  The  shoT't  time  is  the  time  that 
elapses  between  the  moment  of  the  muscle  receiving 
its  stimulus  and  the  moment  of  its  contraction,  i.e. 
the  period  of  latent  stimulation.  Thus,  the  con- 
ditions mentioned  at  the  beginning  of  tliis  chapter 
are  fulfilled  ;  a  constant  stream  acts  on  the  galvano- 
meter for  a  very  short  time,  so  that  tlie  amount  of 
deflection  is  the  measure  of  the  time  during  wliich  the 
current  acted,  that  is,  the  meas<u-e  of  the  period  of 
latent  stimulation. 

One  further  point  about  the  apparatus  is  to  be 
noted.     The  muscle   gets  only  a   single   .sliock  ;  it 
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quickly  contracts,  and  quickly  relaxes,  being  helped 
thereto  by  the  weight  in  the  scale.    By  its  relaxation 
the  points  p  and  q  will  again  make  contact,  and  cause 
the  primary  current  again  to  be  established.    As  the 
oscillation  period  of  the  needle  is  great  all  this  might 
occur  before  the  observation  of  the  extent  of  the  first 
deflection  had  been  completed.    It  was  to  obviate  this 
that  the  arrangement  of  platinum  plate  and  mercury 
cup  was  devised  by  Helmholtz.    The  upper  corner  of 
Fig.  66  shows  what  is  meant.    By  the  screw  attached 
to  the  forceps  the  muscle  raises  the  lever  so  that  the 
platinum  point  just  rests  on  the  platinum  plate. 
Then,  by  means  of  the  screw  s,  the  mercury  in  the 
cup  is  raised  till  q  dips  well  into  it.     Then  the 
mercury  is  lowered  by  the  screw  till  the  point  q  and 
the  mercury  in  the  cup  are  connected  only  by  a  thread 
of  mercury  adhering  to  the  amalgamated  copper  point 
q,  and  sufficient  to  conduct  the  current.    If  by  the 
contraction  of  the  muscle  contact  is  broken,  then,  on 
the  return  of  the  lever,  the  point  q  will  no  longer 
make  contact  with  the  mercury,-  but  will  he  separated 
from  it  by  a  small  space  across  which,  before  rupture, 
the  mercury  thread  stretched.    A  second  shock  to  the 
needle  is  therefore  prevented. 

The  wires  that  conduct  the  current  from  the 
secondary  coil  may  lead  it  directly  to  the  muscle,  one 
being  attached  to  the  forceps,  and  the  other  to  the 
end  of  the  muscle,  oi*  to  a  screw  in  the  table,  as  in- 
dicated by  clotted  lines  in  Fig.  67.  But  instead  of 
stimulating  directly  in  this  way,  the  nerve  may  be 
left  in  connection  with  the  muscle,  and  stretched  over 
two  platinum  electrodes  at  two  different  places,  a  and 
h  By  means  of  a  commutator  C,  ivithoul  the  cross, 
it  can  be  arranged  to  send  the  stimulating  shock  to  a- 
or  to  b  at  pleasure.  Let  it  be  sent  to  b,  and  take 
the  reading  of  the  deflection  of  the  galvanometer 
needle  that  gives  the  latent  period.    Then  reverse  the' 
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commutator  so  as  to  stimulate  at  a,  aud  take 
another  reading.  There  will  be  a  difference  between 
them,  indicating  a  longer  period  between  the  moment 
of  stimulation  and  that  of  contraction.  Obviously 
this  difference  is  due  to  the  time  which  the  nerve 
enei-gy  liberated  at  a  has  taken  to  travel  the  distance 
between  a  and  h.  This  distance  is  measured,  and  thus 
one  has  an  estimate  of  the  length  of  time  taken  by  the 
nervous  energy  to  ti-avel  a  certain  distance,  an 
estimate,  that  is,  of  the  rapidity  of  the  nerve  current. 
Thus  by  means  of  the  frog-interrupter  and  the  gal- 
vanometer, measurements  can  be  made  of  the  period 
of  latent  stimulation,  and  of  the  rapidity  of  the  nerve 
current. 

It  is  proper  to  say  that  the  arrangement  has  been 
slightly  simplified  for  purposes  of  explanation.  It  is 
not  desirable  to  use  the  same  primary  current  to 
establish  the  current  through  the  galvanometer,  and 
produce  at  the  same  time  by  its  closure  an  induced 
current  sent  to  the  muscle.  One  element  is  used  for 
the  galvanometer  and  interrupter  ;  but  the  key  of  this 
circuit  is  two-sided,  and  is  so  arranged  that  the  same 
instant  that  it  doses  the  galvanometer- interrupter 
cu-cuit,  it  o;?ens  the  circuit  of  another  element  and  the 
primary  coil,  and  so  gives  an  induced  current  of 
opening  to  the  muscle.  The  representation  of  this 
would  make  the  diagram  seem  a  little  complicated,  so 
the  simpler  arrangement  has  been  drawn  to  show'the 
principle  of  the  method.  Other  methods  of  measuring 
the  latent  period  and  the  rapidity  of  the  nerve  cur- 
rent are  considered  under  the  Graphic  Method  in 
chapter  xvii. 
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CHAPTER  XIII. 

RESISTANCES  AND  THEIR  MEASUREMENT.  ^ 

The  measurement  cf  the  conducting  power,  i.e.  the 
conductivity,  or,  what  is  practically  the  same  thing,  the 
measurement  of  the  resistance,  of  various  bodies,  and 
especially  of  the  various  animal  tissues,  is  a  subject  of 
growing  importance  in  physiology  and  in  therapeutics, 
it  is  of  importance  in  therapeutics  because  the  em- 
ployment of  electricity  in  the  treatment  of  disease  is 
daily  being  extended,  and  its  proper  application 
depends  upon  an  appreciation  of  just  such  points  as 
the  resistance  that  ditierent  tissues  offer  to  the  passage 
of  the  current. 

It  has  been  seen  also  (page  27)  that  the  strength 
of  a  current  is,  to  a  large  extent,  dependent  on  the 
resistance,  and  that  by  varying  the  resistance  the 
current  strength  may  be  varied,  while  by  increasing  the 
resistance  the  current  may  be  weakened,  and  vice 
versa.  It  has  been  also  noticed  how,  on  this  principle, 
the  rheocord  (chapter  viiL)  is  so  constructed  as  to  per- 
mit a  very  great  extent  of  graduation  in  the  strength 
of  the  current,  and  how,  on  the  same  principle,  the 
compensator  (long  or  round)  affords  a  similar  means 
thoutdi  to  a  much  more  limited  extent.  On  page  33 
it  has  been  pointed  out  that  there  is  a  standard  of 
resistance  as  there  is  a  standard  of  weight,  that  a  coil 
of  fine  wire  may  be  prepared,  which,  at  a  given  tempera- 
ture will  offer  the  standard  resistance  of  one  ohm,  and 
that' by  means  of  this  standard  other  resistances  may 
be  compared.  It  will,  further,  be  readily  understood 
that  by  meaus  of  tlie  standard  resistance  various  ap- 
paratus may  be  constructed,  other  than  that  ot  tlie 
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rheocord  and  compensator,  wliicli  will  permit  of  a 
perfectly  definite  amount  of  resistance  being  readily 
interposed  in  the  way  of  a  current  without  altering  any 
of  the  wires.  Such  an  instrument  is  the  rheostat, 
invented  by  Wheat- 
stone.  As  shown  in 
Fisr.  68,  it  consists  of 
two  cylinders,  one,  cb, 
made  of  brass,  and  there- 
fore a  good  conductor, 
the  other,  ad,  of  wood 
(an  insulator)  with  a 
spiral  groove  cut  in  it. 
On  CB  is  wound  a  fine  brass  wire  about  40  yards  long, 
though  the  instrument  can  be  made  of  any  size  and 
the  wire  of  any  length.  The  wire  is  partly  wound 
also  on  the  wood,  so  that  each  turn,  lying  in  its  groove, 
is  insulated  from  its  neighbour.  The  end  of  the  wire 
on  the  wood  cylinder  is  connected  with  a  binding 
screw,  and  the  metallic  cylinder  is  also  in  connection 
with  a  binding  screw.  Now  let  the  +  wire  from  a 
battery  be  led  to  the  screw  of  the  metallic  cylinder;  it 
and  the  wire  coiled  on  it  form  a  thick  conductor,  and 
ofler  no  resistance  of  any  consequence.  The  —  pole 
being  connected  with  the  wire  wound  on  the  wooden 
cylinder,  the  current  must  pass  from  the  metal 
cylinder  and  traverse  each  turn  of  the  wire  wound  on 
the  wood  before  it  can  pass  off  at  the  binding  screw.  In 
traversing  this  fine  wii'e  it  meets  with  considerable 
resistance,  and  the  greater  number  of  turns  of  wire 
that  lie  in  the  spiral  of  ad,  the  greater  is  the 
resistance.  By  turning  the  handle  m,  the  wire  may 
be  wound  on  to  the  cylinder  ad  and  the  resistance  Ln 
tlie  circuit  increased,  or  wound  oH'  on  to  CB  and  the 
resistance  diminished.  By  the  dial  on  c  the  length  of 
the  wire  in  feet  and  inclie.s  on  ad  can  at  once  be 
counted,  and  the  resistance  estimated. 


Fig.  68. — Rheostat  of  Wlieatstone. 
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By  a  resistance  box  (Fig.  69)  a  mucli  greater 
resistance  may  be  interposed  in  a  circuit,  and  as  easily 
graduated.  It  is  made  of  a  series  of  bobbins  on  which 
are  coiled  various  lengths  of  insulated  wire.  The  coils 
are  placed  in  a  box,  and  the  two  ends  of  the  wire  of 
each  bobbin  are  connected  with  two  different  plates  of 
brass  fitted  on  to  the  ebonite  lid  of  the  box.  ABC  at 
the  side  of  the  figure  show  how  the  coils  are  con- 
nected with  two  separate  brass  plates.    Each  coil 


Fig.  69.  -Resistance  Box. 


offers  a  certain  amount  of  resistance,  which  is  marked 
in  ohms  on  the  lid  of  the  box  between  the  two  brass 
plates  to  which  it  is  attached.  There  are  also  binding 
screws  attached  to  the  lid.  Sup[)0se  the  wires  from  a 
battery  to  be  attached  to  the  screws,  the  current  would 
require  to  traverse  all  the  coils  in  the  box,  and  would 
thus  encounter  a  resistance  equal  to  the  total  offered 
by  the  coils.  But  the  brass  plates  on  the  lid  are  so 
arranged  that  thick  brass  plugs  may  be  made  to  fit  in 
between  them,  so  as  to  connect  them.  Where  two 
brass  plates  were  so  connected  the  current  would 
not  traverse  the  coil  attached  to  them,  but  would 
]jass  straight  across  from  one  plate  to  another  by 
means  of  the  plug,  and  the  resistance  of  that  coil 
would  therefore  be  put  out  of  the  circuit.  Suppose 
all  the  plugs  were  in,  the  current  would  traverse  none 
of  the  coils,  but  would  pass  straight  from  one  binding 
screw  through  plates  and  plugs  to  the  other,  and 
owing  to  the  thickness  of  plates  and  plugs  would 
encounter  practically  no  resistance  in  the  box. 
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Resistance  of  fluids. — A  very  simple  arrange- 
ment is  sliown  in  Fig.  70  for  interposing  resistance 
even  to  an  enormous  extent,  which  could  be  used  for 
physiological  or  thei'apeutical  purposes.  It  consists  of 
a  glass  tube  filled  with  distilled  water  and  closed  at 
each  end  by  an  indiarubber  cork.  Through  each  cork 
is  passed  a  copper  wire.  If  the  wires  from  a  battery 
be  connected  with  the  wires  from  the  tube  a  current 
will  pass  in  the  tube  from  one  wire  to 
the  other,  through  the  water,  and  will 
encounter  resistance  directly  proportional 
to  the  extent  of  the  layer  of  water  between 
the  two  wires.  Since  the  wires  may  be 
pushed  through  the  cork  so  as  to  ap- 
proximate to  one  another,  or  can  be  removed 
still  farther  in  the  tube  from  one  another, 
the  resi.stance  can  be  readily  diminished  or  Fi„;o._ue- 
increased.  It  is  calculated  that  a  column  of  FUitd™"' 
distilled  Avater,  one  metre  long  and  one 
millimetre  in  diameter,  would  oppose  resistance  to  an 
electric  current  equal  to  that  of  a  copper  wire  of  the 
same  thickness  long  enough  to  make  1G7  turns  round 
the  earth.  Alcohol  added  to  the  water  would  increase 
its  resistance.  The  resistance  of  water  could  be  dimin- 
ished by  dissolving  salt  in  it,  or  by  adding  sulphuric 
acid  to  it.  The  objection  to  water,  salt  solution,  or 
dilute  sulphuric  acid,  is  that  by  the  passage  of  the 
current  polarisation  is  set  up.  As  mentioned  in  the 
paragraphs  on  non-polarisable  electrodes,  solutions 
of  neutral  sulphate  of  zinc  are  free  from  this  ob- 
jection. Therefore  by  taking  a  narrow  tube,  say  one 
metre  long,  graduating  it  in  millimetres,  and  tilling  it 
with  solution  of  sulphate  of  zinc,  of  a  certain  strength, 
one  would  have  a  very  simple  and,  at  the  same  time, 
useful  means  of  regulating  the  strength  of  a  current 
of  electricity. 

It  should  be  observed  that  the  amount  of  resistance 
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offered  by  a  conductor  is  dependent  on  the  tempei-a- 
ture.  Increased  temperature  diminishes  resistance, 
that  is,  increases  conductivity. 

To  measure  resistances  the  simple  rheostat 
may  be  used.  A  Daniell's  element  is  placed  in  the 
circuit  of  a  galvanometer ;  an  extremely  sensitive  one 
is  not  necessary.  When  the  current  is  permitted  to 
pass  through  the  galvanometer  the  needle  is  deflected. 
If,  now,  the  body  whose  resistance  is  to  be  measured 
be  placed  in  the  same  circuit,  the  current  from  the 
Daniell,  encountering  the  resistance  of  the  body,  will 
not  be  able  to  deflect  the  needle  to  the  same  extent. 
Note  the  amount  of  deflection.  Eemove  the  body,  and 
place,  instead,  the  rheostat  in  circuit.  Send  the  cur- 
rent again  through  the  galvanometer,  and  then  wind 
the  rheostat  wire  on  to  the  wooden  cylinder  ;  this 
adds  resistance,  and  the  needle  will  be  brought  slowly 
back  from  its  maxiQium  deflection  caused  by  the 
Daniell.  Wind  on  the  wire  till  the  resistance  it  oflers 
causes  the  needle  to  be  brought  back  to  the  position 
it  occupied  when  the  body  to  be  measured  was  in 
circuit.  At  that  position  the  amount  of  wire  wound 
on  to  the  wooden  cylinder  will  be  the  measure  of  the 
resistance  offered  by  the  body. 

A  method  of  greater  value  is  the   method  by 
Wheatstoxe's  bridge.  It 
shown    in    diagi-am  in 
.71. 

At  e  is  a  Daniell's  ele- 

-<!^       ment;  and  ab  is  the  platinum 

^  wire  of  a  long  compensator. 

Fig  71.-Whentstouo-s Bridge.  ^^^j^-^j^    ^  ^j^^  ^y^^^^, 

{See  page  121.)  From  e  the  positive  electrode  goes  to 
A,  the  negative  to  b.  From  a  a  wire  jiasses  to  r,  the 
body  whose  resistance  is  to  measured,  from  which 
again  a  wire  is  carried  to  one  binding  screw  of  R^,  a 
resistance  box,  from  whose  other  binding  screw  a  wira 
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makes  connection  with  the  end  B  of  the  compensator 
wire.  To  the  same  biiiding  screw  c  of  tlie  resis- 
tance box  Re,  by  which  r  is  connected  with  it,  is  con- 
nected a  wire  leading  to  the  galvanometer  G,  and  the 
other  terminal  of  G  is  attached  to  the  slider  s  of  the  long 
compensator.  Now  when  the  current  reaches  A  it  will 
split  into  two  branches,  of  which  one  bi-anch  current 
will  pass  along  the  long  compensator  to  B,  and  the 
other  will  pass  up  to  r,  c,  and  Re.  But  at  s  and  c  the 
two  branches  will  also  split,  part  of  the  branch  rcKe 
passing  down  to  the  galvanometer,  part  of  the  branch 
ASB  passing  up  to  G.  These  two  currents,  being  in 
opposite  dii-ections,  will  deflect  the  needle  in  opposite 
ways.  If  one  is  in  excess  it  will  deflect  the  needle  in 
one  direction,  if  the  other  is  in  excess,  it  will  deflect 
in  the  opposite  direction ;  if  both  are  equal  they  will 
neutralise  one  another,  and  the  needle  will  remain 
at  zero ;  or,  to  put  it  more  accui-ately,  when  the 
potential  at  s  is  equal  to  the  potential  at  c,  no 
current  will  pass  through  the  galvanometer. 

Now,  as  already  explained  (page  33),  the  strength 
of  the  current  in  the  two  branches  depends  on  the  resis- 
tances in  the  two  branches,  and  this  can  be  altered  by 
the  position  of  the  slider  s.  Consequently,  all  that  is 
necessary  to  secure  equal  potentials  at  c  and  s  is  to 
move  the  slider  one  way  or  the  other  till  the  needle 
returns  to  zero,  this  indicating  the  desired  equalit3^ 
Now,  it  can  be  shown  that  when  no  current  traverses 
the  galvanometer,  the  resistance  of  r  is  to  the  resis- 
tance of  Re  as  the  resistance  of  as  is  to  the  resistance 
of  SB ;  thus, 

)•  :  lie  :  :  as  :  sit 
Put  in  another  way,  this  is 

?•       _  AS 
U6-  SJ!  ' 

and  therefore 

AS 

s  u 
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Now  T  is  the  resistance  to  be  measured,  Re  is  tlie 
resistance  in  the  resistance  box,  which  is  read  off  at 
once  according  to  the  number  of  plugs  out  {see  page 
136),  and  as  and  sb  are  the  resistances  of  the  lengths 
of  the  compensator  wire  on  each  side  of  the  slider, 
which  are  also  known.  Thus  r,  the  resistance  to  be 
measured,  is?  given  in  terms  of  Re  AS  aixd  SB,  resis- 
tances that  are  known.  The  resistance  box  is  used, 
because  by  pulling  out  or  inserting  plugs  its  resis- 
tance can  be  varied  at  pleasure.  According  to  the 
resistance  thrown  in  by  it  will  be  the  position  of  the 
slider,  and  thus,  by  varying  it,  it  becomes  ea.sier  to 
adjust  the  proper  position  of' the  slider. 

Here  again  is  the  long  compensator  found  a  little 
awkward  on  account  of  its  length  ;  so  a  modification 
of  the  round  compensator  (page  125)  of  Du  Bois- 
Reymond  has  been  made  by  Prof.  A.  Christiani,  of  the 
Berlin  Physiological  Institute.  The  modification  con- 
sists only  in  the  addition  of  another  connection. 

By  comparing  Fig.  72  with  Fig.  65  (page  126),  it 
will  be  observed  that  the  addition  con- 
sists in  prolonging  the  compensator 
wire  beyond  the  point  to  which  the 
wire  I  is  connected  to  it,  and  bring- 
ing a  wire  from  o  to  an  additional 
binding  screw  o'  placed  on  the  stand 
of  the  instrument,  by  the  side  of  the 
screws  Nos.  i,  ii,  in,  and  iv.  (See 
Fig.  65.)  In  fact,  the  two  ends  of 
o'x'  ijiij.v'      ^.|^g  pJatinum  wire  have  each  a  double 

-^'^v-  '''^.'^^vl'  connection.     The  screws  o  and  ii  thus 
tiani.  sModifl-      „     ,  ,         ,  •  ,     i  i 

cfttiou  of  Du  afford  means  by  whicli  the  unknown  re- 

pensator^°™'  sistance  and  the  resistance  box  are  put 

into  circuit,  wlien  the  modified  round 

compensator  is  used  for  Wheatstone's  bridge.  The 

mode  of  arranging  it  for  this  purpose  is  shown  in 

Fio-.   73.     The  elemont  e  is  connected  by  binding 
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screws  to  i  and  iv,  0  is  connected  to  the  resistance 
box,  and  the  resistance  box  with  wrr,  the  unknown 
resistance,  which  is  attached  on  the  other  side  to  11. 
The  galvanometer  g  is  connected  with  the  platinum 
wheel  of  the  compensator  through 
the  binding  screw  connected  with 
HI,  and  on  the  other  side  to  s, 
the  bindins;  screw  on  the  re- 
sistance  box,  from  which  also 
a  wire  proceeds  to  Vix.  Thus 
Wheatstone's  bridge  is  formed. 
The  needle  of  the  galvanometer 
G  is  brought  to  zero  by  equalising 
the    potentials    at    iii    and    s,  ^ 

effected    by   turning    the  disc   of    Fig.  73._Arrangement  of 

the  round  compensator,  just  as       tiie  Modified  Com- 

the  position  of  the  slider  of  the  '"^"''^ 

long  compen.sator  is  altered  for  the  same  purpose. 

Then,  just  as  in  the  long  compensator,  w.-c  :  n/t  :  : 
the  distance  between  i  and  iii  :  the  distance  between 
III  and  IV.  Call  the  distance  between  i  and  iii  w,, 
and  the  distance  between  iii  and  iv  Wj,  then  Vfx  :  nh 
:  :  w,  :  w, ;  or, 

wr=  r/(  — . 

\\ .. 

[The  student  will  be  able  to  follow  the  comparison 
with  Wheatstone's  bridge  (Fig.  71)  if  he  observes  that 
w;r  of  Fig.  73  =  r  of  Fig.  71,  r/i  =  Re,  the  distance 
between  i  and  iii  (w,)  =  the  distance  between  A  and  s, 
and  the  distance  between  in  and  iv  (w^)  =  the  dis- 
tance between  s  and  b.] 

Now,  wrc,  the  unknown  resistance,  may  be  a  coil 
of  wire,  a  galvanometer,  a  piece  of  muscle  or  nerve, 
it  does  not  matter  what.  The  method  described  is 
applicable  to  all,  and  equally  applicable  for  the  de- 
termination of  the  resistance  of  different  parts  of  the 
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living  body.  For  instance,  tbe  resistance  offered  by 
the  skin  of  the  body  to  the  passage  of  a  current,  and 
the  difference  in  resistance  when  the  skin  was  dry  or 
moistened  with  different  solutions  might  be  deter- 
mined in  this  way. 


To  the  methods  of  producing  electricity  by  friction, 
by  chemical  action,  and  by  induction,  there  remains 
another  method  to  be  added,  that  is,  hy  heat. 

When  two  dissimilar  metals  are  placed  in  circuit, 
a  difference  of  temperature  between  the  two  places  of 
junction  causes  a  difference  of  potential,  and  so  a 
current  is  produced  in  the  circuit,  travelling  in  a 
direction  from  the  hot  to  the  cold  junction.  The 
current  is  called  a  thermo-electric  current,  and  was 
discovered  by  Seebeck,  a  professor  in  Berlin,  in  1821. 
Fi<f.  74  is  an  arrangement  for  showing  this  pheno- 


^^fe^C^P^H  bismuth.    In  the  enclosed  space 

^  is  a  freely  suspended  magnetic 

^^^^^^^^  needle,    the    apparatus  being 

Fig.74.--Thermo.Eiectric  ^^^^^^  -^^  ^j^^  magnetic  meridian, 


and  the  needle  coincide.  Suppose  one  of  the 
junctions  of  copper  and  bismuth  be  heated  by 
means  of  a  spirit  lamp,  the  needle  is  at  once  deflected 
in  away  to  indicate  a  current  through  the  copper  from 
the  hot  to  the  cold  "junction.  At  the  hot  junction 
the  current  is  from  bismuth  to  copper,  at  the  cold 
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menon.  It  is  a  plate  of  cop- 
per bent  to  form  three  sides  of 
a  rectangle,  the  fourth  side 
of  which  is  formed  by  a  bar  of 


so  that  the  axis  of  the  metals 
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junction  from  cojiper  to  Lismutli.  ISow  tliis  current 
may  be  obtained  wherever  a  circuit  is  formed  of  two 
dissimilar  metals ;  and  it  is  to  be  noted  that  it  is 
the  difference  of  tenijjeraiure  that  is  the  cause  of  the 
current.  The  diflerence  may  be  caused  by  cooling 
instead  of  heating  one  junction.  If  the  same  junction 
be  cooled,  the  needle  is  deflected  in  an  opposite  direc- 
tion to  that  obtained  by  heating ;  but  again  the 
cm-rent  is  from  the  hot  to  the  cold  junction. 

The  thermo-electric  series  consists  of  the  fol- 
lowing metals  so  arranged  that  eafih  metal  is  positive 
to  those  before  it  in  the  list,  and  negative  to  those 
after  it  :  bismuth,  German  silver,  nickel,  cobalt, 
mercury,  jDlatmum,  gold,  brass,  copper,  tin,  alumi- 
nium, lead,  zinc,  silver,  iron,  antimony. 

While,  however,  any  dissimilar  metals  will  yield 
a  thermal  current,  all  do  not  yield  it  of  the  same 
strength.  Bismuth  and  antimony,  for  instance,  give 
a  stronger  current  than  bismuth  and  cojjpei-,  in  a 
direction  across  the  junction  from  bismuth  to  anti- 
mony. 

The  positive  metal  of  a  thermo-electric  couple  is 
the  metal  from  which  the  current  proceeds  across  the 
hot  junction. 

The  electromotive  force  of  a  thermal  cur- 
rent is,  within  limits,  proportional  to  the  dilTerence 
of  temperature  between  the  two  junctions.  This  rule 
indicates  a  means  for  the  determination  of  the  amount 
of  difl"erences  of  temperature ;  for  if  one  junction  be 
always  kept  at  a  standard  temperature,  the  extent  of 
the  deflections  of  a  needle  would  depend  entirely  on 
the  temperature  of  the  other  junction.  Therefore,  by 
the  amount  of  deflection  is  given  a  means  of  ascertain- 
ing the  temperature  of  the  other  junction,  and  so  of 
any  body  in  contact  with  it. 

The  thermo-electric  pile  is  a  means  of  in- 
creasing the  effects  and  producing  a  stronger  current. 
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Nobili's  arrangement  is  shown  in  Figs.  75  and  76. 
It  is  foi-med  of  bars  of  antimony  and  hismuth,  arranged 
as  in  Fig.  76,  so  that  there  is  a  series  of  five  couples, 
the  electromotive  force  of  the  series  being  the  sum  of 
the  electromotive  forces  of  the  five  elements.  There 
are  four  such  sets  of  five  couples  each,  and  they  are 
arranged  in  a  frame,  one  above  the  other,  but  not 


rig.  75. 

Thermo-Electrio  Pile. 

touching  (Fig.  75),  the  bismuth  of  the  upper  one  being 
soldered  to  the  antimony  of  the  lower.  There  is  thus 
left  unconnected  the  first  antimony,  which  is  attached 
to  a  binding  screw  m  on  the  frame,  and  forms  the 
positive  pole,  and  the  last  bismuth,  which  forms  the 
negative  pole,  and  is  attached  to  n  binding  screw  of 
the  frame.  The  antimony  is  the  negative  metal  of 
the  two,  but  it  forms  the  positive  fole,  because  in  the 
pile  the  current  goes  from  bismuth  to  antimony,  and 
so  passes  out  by  antimony.  In  the  frame  the  various 
elements  are  carefully  insulated  from  one  another. 
By  such  an  an-angement  there  is  one  set  of  junctions 
at  one  end  (Fig.  75),  and  another  set  at  the  otlier  end. 
By  heating  the  junctions  of  one  end  and  keeping  the 
other  end  normal,  a  current  will  flow  through  the  pile, 
if  the  binding  screws  be  connected  with  one  another. 
Usually  the  pile  is  completely  enclosed  in  a  box  of 
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brass,  wliich  has  a  small  lid  at  one  end,  the  lifting  of 
which  exposes  one  set  of  junctions.  The  other  eml  is 
l^rolonged  into  a  funnel  iox  collecting  heat  rays  and 
leading  them  into  the  other  junctions. 

By  means  of  the  binding  screws  ro  the  thermo-pile 
p  can  be  connected  with  a  sensitive  galvanometer  h 
(Fig.  77),  and  thus  the 

slightest  difference  of  r  o 

temperature  will 
cause  a  deflection  of 
the  needle.  The  elec- 
tromotive force  of 
thermal    currents  is 

very  small ;  and  their  

capacity  for  overcom-  Pig.  77.-Galvanometer  and  Thermo-pile 
mg  resistance  is,  there- 
fore, very  little.     If,  consequently,  a  high-resistance 
galvanometer,  such  as  that  which  is  used  for  the  de- 
tection of  the  muscle  currents,  be  employed,  its  32,000 
turns  of   wire   interpose   such  resistance  that '  the 
heat  current  is  so  weakened  as  to  be  unable  to  affect 
the  needle.   With  Wiedemann's  apparatus,  the  sliding 
arrangement  of  the  coils  of  wire  (page  105)  permits 
of  the  coils  of  fine  wire  being  removed,  aiul  other 
coils,  usually  made  of  from  5  to  10  metres  of  insulated 
copper  wire,  one  mm.  thick,  being  put  on  instead. 
Usually  with  the  instrument  two  sets  of  coils  are 
supplied,  one  set  of  high  re.sistance  and  another  of 
Jow,  and  thus  in  a  moment  the  change  can  be  made 
trom  a  high  to  a  low  resistance  galvanometer.  The 
sliding  device  also  permits  of  any  number  of  coils 
Ijemg  made  of  varying  resistances  for  the  same  instru- 
ment.   If  Sir  Wm.  Thomson's  instrument  be  used 
one  ought  to  be  obtained  which  has  an  arrangement 
ot  plugs  by  which  many  or  few  turns  of  tiie  coils 
may  be  interposed  in  the  circuit  of  the  galvanometer, 
which  IS  thus  made  of  high  or  low  resistance  at  pleasure. 
K— 7 


146 


Physiological  Physics. 


[Chap.  XIV 


Measurements  of  temper atm-e  can  be  effected 
with  the  aid  of  such  apparatus  as  has  been  described. 
So  sensitive  can  the  thermo-pile  and  galvanometer  be 
made  that  an  elevation  of  temperature  of  O'OOOT  of  a 
degree  can  be  accurately  estimated.    This  is  owing  to 
the  law  that  the  electromotive  force  of  the  thermal 
current  is  proportional  to  the  difference  of  .temperature 
between  the  two  junctions  of  the  pile.    Suppose,  there- 
fore, it  is  required  to  estimate  the  difference  of  tem- 
perature between  two  bodies.    They  are  placed  in 
contact  with  the  two  sides  of  the  pile,  and  a  deflection 
of  the  needle  is  obtained.  This  deflection  is  proportional 
to  the  difierence  of  temperature  of  the  two  junctions, 
and  if  the  galvanometer  has  been  jn-eviously  graduated, 
the  diff"erence  can  be  easily  calculated.    The  previous 
graduation  can  be  effected  by  keeping  one  set  of 
Junctions  of  a  pile  at  a  constant  temperature,  and 
varying  the  temperature  of  the  other  set.    A  note 
can  then  be  made  of  the  extent  of  deflection  corre- 
sponding to  certain  difierences.    If  it  is  desu-ed  to 
determine  the  absolute  temperature  of  a  body,  it  is 
necessary  to  place  one  side  of  the  pile  in  contact  with 
some  standard  (say,  melting  ice),  some  body  whose  tem- 
perature is  known  and  is  constant,  and  then  place  the 
other  side  in  contact  with  the  body  whose  temperature 
is  to  be  measured.    The  diflerence  of  temperature 
gives  the  absolute  temperature  by  relation  to  the 

standard.  . 

It  is  found,  however,  that  vnth  high  temperatures 
the  deflection  becomes  so  great  that  the  proportion 
between  it  and  the  diS^erence  of  temperature  is  lost 
To  maintain  tlie  proportion,  a  less  sensitive  instrument, 
such  as  the  tangent  galvanometer  (page  96),  may  be 
used,  or  the  current  may  be  short-circuited  by  a  rheo- 
cord'  and  only  a  proportion  of  it  made  use  o£ 

To  determine  diflerences  of  temperature  ot  riit- 
ferent  parts  of  body  (say,  of  two  sides  of  the  body  in 
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a  case  of  jDavalj'sis)  a  modification  of  the  instrument 
is  made.  The  pile  is  made  in  two  halves,  as  it  were, 
in  a  plate  form,  and  is  small,  so  as  to  be  quickly 
affected.  Each  half  consists  of  two  metals  arranajed  as 
described,  with  two  binding  screws,  one  connected 
with  antimony,  the  other  with  bismuth,  and  is  sup- 
ported on  an  insulating  handle.  The  flat  surface  of 
one  half  is  laid  on  a  place  on  one  side  of  the  body, 
and  the  surface  of  the  other  half  on  the  other  side  of 
the  body.  The  two  halves  are  connected  by  a  wire 
through  a  binding  screw  of  each  half  attached  to  the 
same  metal,  and  from  the  other  screw  of  each  half  a 
wire  is  taken  to  the  galvanometer.  If  the  absolute 
temperature  of  the  body  is  to  be  determined,  one  half 
is  immersed  in  a  fluid  (say,  oil)  kept  at  a  constant 
temperature,  and  the  other  half  laid  on  the  body. 
The  temperature  of  the  oil  can  be  made  pretty  near  to 
that  of  the  body  to  be  measui-ed,  and  this  gives 
gi-eater  delicacy  and  accurac3^  To  determine  the 
temperature  of  a  tissue  of  the  body  (for  instance,  a 
muscle)  the  pile  is  made  in  the  form  of  a  needle, 
which  can  be  inserted  into  the  muscle  without  damage. 
Bismuth  and  antimony  are  too  brittle  for  this,  but 
iron  and  copper  may  be  used.  The  needle  used  by 
Helmholtz  is  made  of  an  iron  wire,  to  each  end  of 
which  is  soldered  a  wire  of  German  silver,  of  half  the 
length,  sharpened  at  one  end  to  pierce  tlie  tissues.  To 
get  a  stronger  effect,  several  such  needles  are  connected 
by  their  German-silver  extremities.  One  end  is 
pushed  into  the  tissue  to  the  length  of  the  first  junc- 
tion of  silver  with  iron.  Helmholtz  used  this  needle 
for  estimating  the  difference  of  temperature  produced 
by  muscular  contraction.  The  needle  being  pushed  into 
the  tissue,  the  deflection  is  noted,  and  then  the  muscle 
IS  caused  to  contract,  and  any  movement  of  the  gal- 
vanometer is  observed.  A  more  exact  method  is  to  use 
two  needles,  connect  them  by  a  wire  joining  similar 
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metals,  and  insert  one  needle  in  the  muscle  to  be 
examined.  A  deflection  of  the  galvanometer  needle  is 
observed.  The  deflection  may  bo  abolished  by  placing 
the  other  needle  in  oil  or  other  fluid,  to  which  the 
same  temperature  as  that  of  the  muscle  is  given,  that 
is,  till  the  needle  is  brought  back  to  zero.  Then,  on 
contraction  of  the  muscle,  the  slightest  change  in 
temperature  will  cause  a  deflection.  The  first  current 
might  also  be  abolished  by  a  compensation  current 
from  a  Daniell.  {See  page  121.)  Helmholtz'  method" 
was  to  transfix  the  muscles  of  the  thigh  of  a  frog  with 
one  of  his  needles,  formed  of  six  couples,  as  described, 
so  that  the  first  set  of  junctions  between  silver  and 
iron  were  embedded  in  one  thigh,  and  the  other  set  in 
the  other  thigh.  He  then  waited  till  the  absence  of 
deflection  iiadicated  the  same  temperature  in  both,  and 
then  stimulated  one  thigh  to  tetanus. 


CHAPTER  XV. 

PHYSIOLOGICAL  INDICATIONS  FOR  THE  THERAPEUTICAL 
APPLICATIONS  OP  ELECTRICITY. 

The  purpose  of  this  chapter  is  to  give  the  briefest 
possible  outline  of  the  purposes  for  which  electricity 
is  used  in  medicine  and  sui-gery,  and  the  types  of 
apparatus  employed  in  its  production  and  application. 
It  is  hoped  that  this  outline  will  act  as  a  guide  for 
students  and  perhaps  practitioners,  and  wiU  aid  in 
the  reference  to  the  larger  text-books  on  the  subject, 
a  list  of  the  chief  of  which  is  given  at  the  end  of  the 
chapter. 

Terms  in  common  use. — Both  the  constant 
current  (the  current  direct  from  a  battery)  and  the 
induced  current  are  employed  in  medicine.    By  use 
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and  custom  the  employment  of  the  constant  current  is 
spoken  of  as  galvanism,  and  that  of  the  induced  cur- 
rent as  FARADISATION,  after  Faraday,  the  discoverer  of 
induction.  Thus  when  a  writer  speaks  of  galvanising 
a  patient,  a  muscle,  or  part  of  the  body,  he  means  that 
he  applied  the  constant  current ;  when  he  speaks  of 
faradising,  the  induced  current  is  indicated. 

What  we  have  hitherto  called  electrodes  are 
often  called  rheophores  {plos=  a  stream,  and  <|)eVa>=  I 
carry;  Lat./e?-o),  that  is,  current,  carriers.  The  term 
IS  specially  applied,  not  to  the  wires  connected  with 
the  battery  or  coil,  but  to  the  termination  of  the  wire 
specially  adapted  for  applying  the  electricity  to  various 
parts. 

Batteries  and  coils.— Before  indicating  the 
sort  of  apparatus  used  in  therapeutics,  it  may  be 
well  to  mention  that  static  electricity  has  often 
been  medicinally  employed.  It  might  be  applied  by 
placing  the  patient  on  an  insulated  stool,  and  aivino- 
him  m  his  hand  a  connection  with  the  prim?  com 
ductor  of  a  frictional  machine  (page  10),  or  with  the 
cushions,  and  so  electrifying  him  positively  or  nega- 
tively. 

Sparks  could  then  be  drawn  from  any  part  of  the  pa- 
tient s  body  that  one  wished  to  stimulate,  by  approach 
ing  a  conductor  to  it,  the  knuckle  of  the  operator's 
hand,  for  example.  Again,  a  single  shock  could  be 
given  from  the  frictional  machine  or  from  a  Leyden 
jar  (page  11).  This  method  is  not  now  in  use,  though 
records  seem  to  show  it  to  be  of  value. 

For  the  applications  of  current  electricity,  it  is 
obvious  that  two  kinds  of  apparatus  are  necessary 
one  to  supp  y  the  constant  current,  consisting  of  a 
ba  tery  of  cells  o  one  kind  or  another,  and  of  conducting 
wires,  and  another  consisting  of  one  or  more  cells 
c  mnected  with  an  induction  coil,  and  arrangemen  s 
of  wn-es  for  en.ploying  the  induced  currents 
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For  the  constant  current,  types  of  batteries  may 
be  taken  in  the  Stohrer  and  the  Leclanche. 

Stohrer's  battery  is  figured  in  Fig:  78.  It  consists 
of  a  case  containing  twenty  to  thirty  cells  of  vulcanite 

containing  a 
plate  of  carbon 
and  a  plate  of 
zinc,  the  cell 
being  half  full 
of  dilute  sul- 
phuric acid  with 
a  little  bisul- 
phate  of  mercury 
for  keeping  the 
zincs  amalga- 
mated. In  one  form  a  small  quantity  of  strong 
solution  of  chromic  acid  is  added,  and  gives  the  fluid  a 
claret  colour. 

The  plates  are  fixed  at  the  upper  part  of  the  box 
on  a  wooden  support.    The  cells  can  be  raised  by  a 
handle  projecting  at  each  end,  so  tliat  they  can  be 
raised  up  to  meet  the  plates,  which  are  so  caused  to  dip 
into  the  solution,  and  the  cells  can  also  be  lowered  so 
that  the  plates  are  out  of  the  solution.    When  the 
cells  are  raised  they  can  be  fixed  by  a  half  turn  oi  the 
handle.    The  plate  carrier  carries  a  sledge;  which  on 
its  under  surface  makes  contact  by  means  of  two 
metal  rails  with  the  plates.    The  plate  carrier  has 
numbers  marked  on  it  which  indicate  the  number  of 
cells  in  circuit  when  the  sledge  is  over  that  place. 
The  sledge  should  be  so  placed  as  to  cover  three  wires 
of  the  cells,  the  central  Avire  of  which  tells  the  number 
in  circuit.    The  metal  rails  are  long  enough  to  make 
contact  with  tlie  next  cell  before  they  break  contact 
with  the  one  before.    So  that  if  a  current  is  bemg 
passed  through  a  patient's  body  it  is  no<.  necessary  to 
break  the  circuit  in  order  to  throw  m  more  cells,  but 
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the  movement  of  the  sledge  increases  the  number  of 
cells  in  circuit  without  breaking  the  circuit.  Openino- 
and  closing  sliocks  are,  therefore,  avoided.  The 
sledge  has  binding  screws  for  the  attachment  of  wires. 
It  also  lias  an  arrangement  c  whicli  acts  both  as  key 
and  commutator.  When  the  handle  is  perpendicular 
no  current  is  passing;  when  it  is  tui-ned  hack  the  right- 
hand  binding  screw  is  positive;  when  it  is  turned 
forward  the  left-hand  screw  is  positive.  Thus  the 
circuit  may  be  interrupted  and  the  direction  of  the 
current  altered. 

By  this  arrangement,  therefore,  any  strength  of 
current  may  be  used,  and  the  current  may  be  inter- 
rupted or  sent  in  any  desired  direction. 

The  Leclanche  battery  is  the  one  now  largely 
in  use  for  medical  purposes.  It  is  compactly  put 
up  in  boxes  containing  twenty,  forty,  or  more 
cells.  Each  cell  is  about  the  size  of  a  two  ounce 
bottle,  and  is  divided  into  two  compartments  by  a 
porous  partition,  on  one  side  of  which  is  zinc  in  sal- 
ammoniac  solution,  and  on  the  other  gas  carbon  and 
native  pyrolusite  moistened  with  water  (page  23).  Fio-. 
79  is  a  representation  °  °' 

of  the  cover  of  such  a 
battery,    showing  a 

dial   plate   a,  with  a  ,  

series  of  brass  studs,  -„        t   i     i  -  ^ 

each     stud     having    a  '''-^'^'^  ^-l-'^l'^  Battery 

number  marked  on  it.  A  hand  can  be  turned  over 
the  dial  and  caused  to  make  contact  with  one  stud 
after  another.  When  it  makes  contact  with  a  stud 
the  number  attached  indicates  the  number  of 
elements  in  circuit,  the  binding  screws  for  connectin<^ 
with  WH'es  being  always  the  same.  The  contact- point 
ot  the  hand  should  be  so  made  that  when  exactly  over 
one  stud  it  does  not  touch  the  stud  on  either  side,  l)ut 
wiien  being  moved  to  a  new  position  it  ought  to  l,e 
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broad  enough  to  make  contact  ^vith  the  next  stud 
before  leaving  the  preceding  one,  to  prevent  breaking 
the  cii-cuit  every  time  a  change  in  the  strength  of 
current  is  made.  The  cover  has  also  a  commutator 
h  for  reversing  the  direction  of  the  current,  and  a 
key  for  interrupting  it  c. 

The  description  of  these  two  forms  of  batteries 
sufhciently  indicates  what  is  wanted  to  make  a  ser- 
viceable battery.     The  following  points  should  be 

noted  :  . 

(1)  Batteries  containing  large  cells  are  not  required, 
because,  as  explained  in  chapter  iii.,  the  resistance  of 
the  body  to  be  overcome  is  so  great  in  proportion  to 
the  resistance  of  the  elements  that  the  latter  can 
afford  to  be  neglected.  Consequently  large  plates 
are  of  no  advantage.  For  the  same  reason,  (2)  the 
number  of  cells  arranged  in  series  should  be  multi- 
plied, for  with  large  external  resistance  this  increases 
the  electromotive  force. 

Therefore,  in  selecting  a  battery  one  should  choose 
a  case  containing  forty  or  fifty  small  elements. 

There  are  two  exceptions  to  this  rule.  If  the 
current  is  to  be  used  for  electrolysis,  or  for  heating 
purposes  (cautery,  for  example),  cells  with  large  plates 
are  desirable,  because  in  this  case  the  external  resis- 
tance is  small.  . 

(3)  The  battery  should  have  an  arrangement  tor 
altering  the  strength  of  the  current  without  breakmg 

•  the  circuit.  ,     .  ■,      ,      r     •  i. 

(4)  It  should  be  provided  with  a  key  tor  inter- 
rupting the  current ;  and  many  are  provided  with  an 
arrangement  for  interrupting  more  frequently  than 
can  be  done  by  hand  with  a  simple  key,  so  as  to  give 
a  rapid  series  of  shocks.  _ 

(5)  Besides  the  accessories  mentioned,  a  galvano- 
meter is  often  supplied  together  with  a  battery 
for  testing  the  strength  of  current.    The  best  is  a 
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small  tangent  galvanometer,  since  in  it 


of  cui'rent  is  proportional  to  the 
angle  of  deflection. 


the  strength 


tangent 


of  the 


A  "battel 
purposes  is 

MUIEHEAD. 

Fig.  SO 
chain  pile. 


y  said  to  be  the  best  for  therapeutic 
a  modified  Daniell  called  the  Becker- 


exhibits  a  part  of  Pulvermacher's 

It  consists  of  cylindrical  pieces  of  wood, 
on  which  are  coiled  in  a  sj^iral  manner,  a  copper 
and  a  zinc  wire.  Each  turn  of 
the  wires  lies  in  a  groove  in 
the  wood,  and  is  insulated  from 
its  neighbours.  The  ends  of  the 
zinc  wire  of  one  cylinder  are 
coupled  to  the  ends  of  the  copper 
wire  of  the  cylinder  below.  Any 
number  of  cylinders  may  be 
used.  The  first  has  the  two  ends 
of  its  copper  spiral  free,  and  they 
are  united  to  form  the  positive 
pole,  as  seen  at  6  in  the  figure. 
Similarly  the  free  ends  of  the  last 
zinc  spiral  form  the  negative 
pole.  To  put  the  chain  into 
action  it  is  dipped  into  a  basin  of 
acidulated  water.    The  poles  are 

connected  to  copper  tube.s,  each  containing  a  sponge 
moistened  with  acidulated  water.  The  chain,  having 
been  removed  from  the  basin,  may  then  be  applied  to 
the  body  by  making  contact  with  the  .sponges  at  the 
desired  places.    It  is  not  a  constant  pile. 

Induction  appai-atus  is  usually  set  up  so 
as  to  have  cell,  coil,  and  accessoiy  apparatus,  all 
within  the  same  box,  which  is  usually  of  comparatively 
small  size,  since  induction  currents  of  sufiicient 
strength  for  the  human  body  can  be  generated  by  a 
small  cell  and  a  small  coil.     One  form  of  apparatus 


Fig.  80. — Pulvermaclier' 
Cliain  Pile. 
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only  will  be  described.  It  is  that  of  Dr.  C.  Spamer. 
rt  is  small  and  compact,  and  seems  well  fitted  fox'  all 
purposes  of  faradisation.  It  is  represented  in  Fig.  81, 
the  lid  being  removed. 

This  apparatus  shows  well  the  conditions  to  be 
fulfilled  in  such  an  instrument.  (1)  The  extent  of 
action  of  the  cell  can  be  regulated  by  the  extent  of 
immersion  of  the  plates.  (2)  The  induced  currents  of 
the  coil  can  be  regulated  as  to  strength.  This  is  done 
for  the  secondary  coil  by  altering  its  position  in 
reference  to  the  primary,  and  for  the  primary  coil  by 
the  position  of  this  soft  iron  core.  The  regulation  of 
the  number  of  induced  currents  is  managed  by 
adjusting  the  Wagner  hammer,  which  is  the  inter- 
rupter of  the  primary  circuit.  (3)  There  should  be 
binding  screws  connected  both  with  the  primary  coil, 
to  permit  the  use  of  the  extra  current  (page  44)  if 
desired,  and  with  the  secondary  coil,  to  pei-mit  the 
use  of  the  induced  curi'ents  of  that  coil. 

The  description  of  the 
apparatus  is  as  follows  : 

The  interior  of  the 
case  is  divided  by  a  par- 
tition into  two  halves,  the 
right  of  which  contains 
the  drawer  for  the  acces- 
sory apparatus,  and  above 
it  the  interrupter,  the  ter- 
minals, marked  +  and  — 
(positive  and  negative 
pole)  for  the  leading  wires, 
and  the  plugging  arrange- 
ment wliich  serves  to  put 
in  circuit  the  j)rimary  or 
secondary  current.  The  plug  being  inserted  in  P,  as 
shown  in  the  figure,  the  primary  or  exti-a  current  is 
obtained,  in  s  the  secondary  current. 


Fig. 


81. — Electro-induction 
paratus. 
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In  the  left  part  of  the  case  is  the  cell,  and  behind 
this  the  bobbins  are  provided.  A  is  the  iron  core, 
shown  in  the  figure  pai-tly  drawn  out,  which  is  kept 
at  any  height  by  a  sliding  spring  and  which  allows 
the  current  to  be  diminished  with  ease.  The  cell 
consists  of  an  ebonite  or  glass  jar,  in  the  cover  of 
which  the  carbon  is  fixed  hermetically.  To  enable 
the  cell  to  be  taken  out,  the  clamp  E  is  unscrewed, 
and  the  bi'ass  piece  forming  the  connection  between 
the  carbon  and  the  apparatus,  thus  made  free,  is 
turned  to  the  front. 

Behind  E  a  zinc  rod  z  rises  from  the  cell  It  is 
fixed  by  a  screw  to  a  brass  fork  sc,  which  can  be  tui-ned 
to  the  back.  This  is  done  when  the  apparatus  is  not 
in  use,  and  in  this  case  the  cell  is  closed  by  an  india- 
rubber  cork. 

The  zinc  rod,  after  having  been  cleaned  from  the 
adhering  acid,  is  put  into  the  black  groove  provided  in 
the  left  wall  of  the  case.  In  order  to  put  the  apparatus 
in  action  the  carbon  is  fixed  to  the  clamp  e  and  the 
zinc  rod  connected  with  the  brass  fork  is  slowly 
lowered  into  the  cell  until  it  is  immersed  in  the  liquid, 
which  usually  will  be  perceived  by  the  hammer  being 
put  in  vibration.  This  may  be  facilitated  by  touching 
the  hammer  Avith  the  finger.  As  a  rule  the  zinc  rod 
ought  not  to  he  immersed  any  deeper  than  is  wanted 
for  making  the  interrupter  act.  For  the  first  hours  of 
use  10  to  15  mm.  immersion  are  sufficient.  When 
the  current  is  getting  weaker  the  zinc  rod  must  be 
lowered,  but  then  a  new  filling  up  of  the  cell  will 
soon  be  required.     The  liquid  consi.-jts  of  : 

Potas.  bichrumici      ....  8  parts 

Aq.  dest   100  ,, 

Acitli  sulph.  pui-i       ....  15-0  ,, 

Hydrarg.  bisulph.      .       .       .       .  I'O  ,, 

This  quantity  allows  the  cell  to  be  twice  filled  up. 
Before  filling  again,  the  cell  jar  ought  to  be  rinsed 
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several  times  with  cold  water.  The  zinc  rod  is  kept 
amalgamated  while  hanging  in  the  liquid. 

The  accessory  apparatus  consists  of  two  leading 
wires,  two  handles,  three  covered  electrodes,  and  one 
wire  brush. 

The  size  of  this  case  is  only  7  inches  in  each 
direction,  and  it  weighs  only  a  little  over  2J  pounds. 
A  larger  size  of  the  same  apparatus  can  be  had,  if 
desired. 

Some  manufacturers  make  cases  containing  on  one 
side  a  constant  battery  and  on  the  other  an  induction 
apparatus. 

MagTieto-electi'ic  machines  are  also  used  for 
producing  induced  currents.  Bobbins  of  wire  with 
cores  of  soft  iron  are  caused  to  rotate  in  the  neighbour- 
hood of  the  poles  of  a  strong  magnet.  As  each  coil 
approaches  one  pole  an  induction  current  is  produced, 
and  another  when  the  coil  goes  away  from  the  pole, 
so  that  each  coil  produces  four  induced  currents  in 

one  rotation.  Wires  are 
arranged  to  lead  off  the 
currents,  which  can  be 
applied  in  the  same  way 
as  ordinary  induced  cur- 
rents. Fig.  82  shows  an 
apparatus  for  magneto- 
electric  induction, 
rig.  82  — Matmetn-electrio  Indue-  liVireS  for  making  COn- 

tion  Machine.  nections  should  always  be 

insulated  with  silk  or  guttapercha. 

The  electrodes  or  rheophores  are  of  various 
forms  according  to  the  part  to  which  they  are  in- 
tended to  be  applied.  They  consist  usually  of  an 
insulating  handle  of  wood  supporting  a  brass  cup 
from  one-half  to  three  inclies  in  diameter,  a  binding 
screw  for  the  attachment  of  wires  being  connected. 
The  metal  cup  is  not  applied  to  the  body,  but  is  filled 
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83.  —  Forms  of 
trodes. 


Elec- 


vvitli  a  sponge  which  projects  beyond  the  cup,  and  is 
moistened  with  warm  salt  water  or  merely  wai'm  water 
(Fig.  83).  The  projecting  part  of  the  sponge  only 
touches  the  body,  and  it  may  be  cut  to  any  shape. 

The  cups  should  be 
screwed  to  the  handle,  so  that 
they  may  be  removed  and 
other  forms  of  rheophores 
attached  to  the  same  handle. 
Further,  the  binding  screw 
ought  to  be  at  the  junction 
between  cup  and  handle,  and 
not  at  the  end  of  the  handle, 
as  it  often  is.  When  the 
sci'ew  is  at  the  junction,  there 
is  no  risk  of  contact  being 
made  with,  for  instance,  the 
hands  of  the  operator. 

Fig.  83  shows  some  different  forms  of  electrodes  ; 
4  is  one  of  the  usual  forms  ;  1  and  2  are  brass  knobs 
covered  with  wash  leather ;  3  is  a  wire  brush  on  an 
insulating  handle,  used  for  acting  on  the  skin  with 
induction  currents;  5  is  for  cautery  (not  used  with 
induction  currents;  it  is  referred  to  on  page  168). 

Similarly,  electrodes  can  be  made  in  any  form  to 
suit  throat,  uterus,  rectum,  nasal  passage,  ear,  etc. 

MODES  OF  APPLYING  ELECTRICITY. 

First  of  all  it  is  to  be  noted  that,  whatever  kind 
of  current  is  used,  the  electrodes  may  be  used  ivet  or 
dry,  and  the  part  of  the  body  to  which  they  are 
applied  may  be  moistened  or  dried.  If  moisture  is 
used  the  resistance  of  the  skin  is  diminished,  and  the 
current  may  then  pass  through  the  skin  and  reach  the 
moist  tissues  beneath,  which  are  good  conductors. 
On  the  other  hand,  dry  skin  offers  very  great  re- 
sistance.   Consequently,  when  it  is  desired  to  send 
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the  current  to  the  deep  parts  and  to  affect  the  skin  as 
little  as  possible,  the  electrodes  are  moistened,  and  the 
skin  also,  with  warm  salt  water  or  acidulated  water ; 
and  when  it  is  desired  to  affect  the  skin  only,  dry 
electrodes  are  used  and  the  skin  is  dried  and  powdered. 

Oalvanism  may  be  applied  in  two  chief  ways. 
(1)  Tl:e  one  electrode  may  be  placed  on  some  indif- 
ferent part  of  the  body  (the  nape  of  the  neck,  the  pit 
of  the  stomach,  or  held  in  one  hand),  while  the  other 
electrode  is  applied  to  the  the  part  it  is  desired  to 
influence,  one  side  of  the  head,  over  the  pneumo- 
gastric  or  sympathetic,  or  to  a  particular  muscle, 
the  two  places  being  distant  from  one  another. 

(2)  The  two  poles  may  be  near  to  one  another, 
e.g.  one  at  one  side  of  the  head'  and  the  other  at  the 
other  side,  to  influence  the  brain. 

In  the  former  case  the  current,  entering  at  the 
place  of  the  positive  pole  in  a  dense  stream,  spreads 
itself  out  in  various  directions  iia  streams  of  less 
density,  and  is  then  collected  into  one  to  pass  out  by 
the  negative  pole.  In  such  a  case  the  current,  being 
broken  up  in  its  passage  through  the  body,  will  have 
its  principal  effect  at  the  two  poles,  where  its  density 
is  greatest.  In  the  latter  case,  the  two  poles  being 
near  one  another,  the  current  will  pass  in  one  stream, 
as  it  were,  and  therefore  with  almost  undiminished 
density. 

When  a  current  passes  in  the  opposite  direction 
to  the  ordinary  nerve  current  it  is  said  to  be  inverse 
(up  a  limb,  for  instance),  when  in  the  same  direction 
it  is  direct. 

In  the  next  place  the  current  may  be  sent  con- 
tinuously through  the  body  or  part  of  it,  or  it  may  be 
interrupted  by  keeping  one  electrode  fixed,  and  alter- 
nately lifting  and  then  reapplying  the  other,  so  as  to 
make  and  break  the  circuit.  The  interruption  may 
also  be  effected  by  a  cogged  wheel,  or  some  other 
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mechanical  contrivance,  and  may,  therefore,  be  made 
fast  or  slow,  as  desired.  By  the  former  way  the 
utmost  heating  and  chemical  effects  are  obtained,  and 
nutrition  is,  therefore,  po werfully  affected  :  b)^  the  latter 
method  the  stimulating  pi'operties  of  the  current  are 
obtained. 

Fai'a.<lisation  may  be  applied  generally.  One 
good  way  of  doing  this  is  to  seat  the  patient  in  a  chair, 
stripped  to  the  waist,  and  his  bare  feet  on  a  metal 
plate  to  which  one  pole  is  attached.  The  operator 
has  the  other  pole  connected  to  a  sponge  electrode, 
which  he  applies  to  various  parts  of  the  patient's  body 
as  desired.  This  is  the  method  of  Beard  and  Rock- 
well of  New  York.  Localised  faradisation  is  the 
phrase  used  by  Duchenne  when  the  two  electrodes  are 
applied  near  one  another,  so  as  to  confine  their  action 
to  groups  of  muscles,  or  single  muscles,  or  nerves,  or 
limited  regions  of  the  body.  Again,  a  muscle  may  be 
faradised  directly,  when  the  moi.st  electi'odes  are  so 
applied  that  the  current  is  sent  to  the  muscle  sub- 
stance itself,  or  ??ifKreci;/?/ when  the  stimulus  is  ajDplied 
to  the  nerve  which  supplies  the  muscle.  As  has  been 
seen  (page  68),  a  feebler  current  will  produce  contrac- 
tion of  a  muscle  when  applied  to  its  motor  nerve,  than 
when  applied  to  its  own  substance.  Certain  places  can 
be  marked  on  the  skin,  from  which  an  induced  current, 
applied  by  a  moist  sponge  electrode,  can  reach  the 
motor  nerves  of  separate  muscles  or  groups.  These 
are  termed  motor  points. 

APPLICATIONS  OF  ELECTB.ICITY. 

The  two  chief  pui-poses  for  which  electricity  is 
therapeutically  employed  are  (a)  for  diagnosis,  and 

(b)  for  TREATMENT. 

Dia.gfnosis. — The  electrical  current  is  emjjloyed  : 

(1)  To  detect  alterations  of  irritability  or  sensibility, 

(2)  to  aid  in  distinguishing  between  forms  of  paralysis, 
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(3)  to  detect  the  presence  in  the  tissues  of  foreign  me- 
tallic bodies,  (4)  to  unmask  malingerers,  (5)  as  a  final 
test  of  death. 

(1)  To  test  irritability  of  muscle  or  nerve,  vise  an 
induction  current,  and  apply  well-moistened  electrodes 
to  the  part,  the  skin  over  which  is  also  moist.  This 
ensures  the  current  traversing  the  skin  without  affect- 
ing it.  Then  graduate  the  intensity  of  the  current  by 
moving  the  secondary  coil  or  altering  the  extent  of 
surface  of  plates  in  action  in  the  cell.  Begin  with 
the  healthy  side,  and  find  the  feeblest  current  that 
will  produce  a  response  on  the  part  of  the  muscle  or 
group  being  tested.  Compai-e  the  result  obtained 
with  that  of  a  similar  experiment  on  the  suspected 
side,  taking  care  that  the  experiment  is  repeated  under 
precisely  similar  conditions.  If  both  sides  are  sus- 
pected, then  a  healthy  standard  must  be  obtained  else- 
where, and  the  physician  must  compare  his  results  with 
an  average  obtained  from  healthy  individuals. 

For  testing  sensibility  the  skin  must  be  acted  on, 
and  not  the  tissues  beneath.  Therefore  the  electrodes 
must  be  dry  (a  wire  brush),  and  the  skin  should  be 
well  dried  and  dusted.  Then  find  what  strength  of 
current  just  begins  to  be  painful  on  the  healthy  side 
of  the  patient,  and  compare  this  with  the  diseased  side. 

(2)  For  purposes  of  electrical  diagnosis  paralysis  is 
considered  to  be  due  either  to  a  central  or  to  a  peri- 
pheral lesion,  and  the  value  of  electricity  is  in  the 
aid  it  givea  in  distinguishing  between  these  two.  A 
CENTRAL  lesion  is,  for  this  purpose,  counted  one  which 
separates  the  muscles  from  the  higher  centres,  a  peri- 
pheral lesion  is  one  which  cuts  off  the  muscles  from 
their  lower  centres.  Thus  the  muscles  of  the  legs  are 
in  nervous  communication  with  centres  in  the  spinal 
cord,  their  lower  centres  ;  but  these  lower  centres  are 
subservient  to  centres  in  the  brain,  their  higher 
centres.    Now  these  muscles  may  be  cut  off  from 
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their  higher  centres,  their  lower  being  left  intact,  by 
a  lesion  in  the  brain  itself,  or  by  a  lesion  in  the  cord 
above  the  seat  of  their  lower  centres  ;  and  in  each  of 
these  cases  the  lesion  would  be  called  central.  If, 
however,  the  lesion  were  to  be  in  the  cord  affecting 
the  centre  from  which  the  nerves  sujDjjlying  the 
muscles  come  off,  or  if  it  were  to  be  in  the  nerves, 
cutting  off  communication  between  the  cord  and  the 
muscles  themselves,  it  would  be  called  peripheral. 
Thus  central  paralysis  is  dependent  upon  disease  in 
the  brain,  or  in  the  cord,  higher  up  than  the  place  of 
origin  of  the  nerves  for  the  affected  muscles,  while 
peripheral  paralysis  is  due  to  disease  in  the  cord 
affecting  the  centres  connected  with  the  paralysed 
muscles,  or  to  disease  of  the  nerves  ;  and  this  would 
mclude  injury  to  the  nerves,  e.g.  cutting,  bruising  so 
as  to  deprive  them  of  nervous  continuity. 

Now,  this  being  explained,  the  main  fact,  stated 
broadly,  is  that  nerves  and  muscles  paralysed  hy  a 
central  lesion  have  their  irritability  unafecied,  while 
nerves  and  muscles  paralysed  by  a  peripheral  lesion 
have  their  irritability  rapidly  diminished  and  finally 
abolished. 

In  the  central  lesion  the  nerves  and  muscles  still 
retain  their  connection  with  the  centres  in  the  spinal 
cord.  They  are  only  removed  from  the  influence  of 
the  will,  so  that  voluntary  motion  is  in  abeyance,  but 
the  nourishment  of  nerves  and  muscles  remains,  and 
no  sign  of  any  impaired  function  ought,  therefore  to 
be  present.  Of  cour.se,  volition  being  suspeuded  as 
regards  hem,  their  functions  are  no  longer  performed, 
ihey  tall  into  disuse,  and  since,  in  course  of  time 
enfeeblement  always  attends  disuse,  after  an  interval,' 
diminished  irritability  will  be  j.erceived.  This  is 
however,  directly  the  result  of  disuse,  and  only  in- 
directly the  result  of  the  lesion.  Tlie  irrital.ility  can 
be  restored  by  the  use  of  faradisation,  which  allbrds 
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an  artificial  stimulus  and  causes  the  paralysed  muscles 
to  work.  So  that  the  rule  remains  that  the  ii'ritability 
is  unafi'ected  by  the  lesion.  There  is  an  exception, 
however.  It  occasionally  happens  that  the  irritability 
seems  to  be  increased.  This  will  occur  when  the 
lesion  in  the  brain  or  upper  part  of  the  spinal  cord  is 
an  irritative  one,  and  irritates  the  ends  of  the  fibres 
which  it  has  cut  off  from  their  centres.  In  the 
absence  of  any  ground  for  supposing  an  irritative 
lesion,  a  physiological  explanation  would  be  that  the 
moderating  influence  of  the  higher  centres  had  been 
removed,  and  the  response  of  the  lower  was,  therefore, 
more  easily  elicited. 

In  the  peripheral  lesion  communication  has  been 
cut  off  with  the  centres  in  the  cord.    These  centres 
are  not  only  reflex,  but  trophic  ;  the  nerves,  therefore, 
cut  off  from  their  centre,  degenerate,  and  the  retro- 
crrade  changes  will  in  time  also  aflect  the  muscles. 
The  rapid  loss  of  irritability,  then,  is  due  to  degenera- 
tion    Here  a  curious  circumstance  arises  which  it  is 
difficult  to  explain.    What  has  been  said  refers  to 
electricity  used    as   induced    currents,    applied  b}- 
moistened  electrodes.    It  is  found  then  that  m  some 
peripheral  lesions,  where,  as  is  to  be  expected,  response 
to  the  induced  or  faradic  current  is  entirely  absent 
the  muscles  will  respond  to  the  galvanic  current  t/  it 
he  sloioly  interrupted,  and  the  muscles  of  the  paralysed 
side  will  often  respond  vigorously  to  a  galvamc  current 
so  weak  that  it  has  no  efi^ct  on  the  sound  side. 
Eurther,  in  such  cases  the  nature  of  the  response  is 
altered     As  was  seen  when  considering  the  law  ot 
contraction,  nominally  the  excitability  is  greater  in 
the  neighbourhood  of  the  cathode  on  closing,  and  m 
the  nefghbourhood   of  the  anode  on    opening  the 
circuit;  but  in  these  cases  it  is  contraction  at  the 
cathode  on  opening  and  at  the  ^«^«de  on  closmg  t^^^^^ 
is  marked.    It  has  been  found  diflicult  to  explain 
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these  facts.  The  exphmation  offered  by  Erb  and 
corroborated  by  Ziemssen  is  that  nerve  and  muscle 
respond  differently  to  the  electric  current,  that, 
while  the  nerve  responds  readily  to  currents  of  very 
short  duration,  like  the  induced,  muscle  responds 
more  to  currents  of  longer  duration,  such  as  are  ob- 
tained by  interruptions  of  the  constant  current. 
Consequently,  -when  the  irritability  of  nerve  and 
muscle  to  faradisation  has  disappeared,  the  response  of 
the  latter  to  galvanism  may  still  be  elicited.  In  time, 
however,  if  the  degeneration  proceeds,  galvanism  will 
also  fail  to  elicit  contraction  of  muscle.  The  cases 
which  show  these  degenerative  reactions,  as  they 
are  called,  are  rheumatic  paralysis,  facial  palsy  (due, 
e.g.,  to  cold,  i.e.  not  hemiplegia),  lead  palsy,  paralysis 
due  to  injury  of  ner  ve  trunks,  and  others.  To  sura  up, 
then,  in  central  paralysis  irritability  is  unaffected, 
in.  peripheral  jiaralysis  irritability  rapidly  disappears, 
but  in  some  cases  irritability  of  the  muscle  to  gal- 
vanism is  increased,  and  thereafter  disappears. 

(3)  To  detect  foreign  metallic  bodies,  e.g.  a  bullet, 
in  the  tissues,  the  constant  current  is  emijloyed. 
What  is  required  is  a  battery  sufficiently  powerful  to 
ring  an  alarm  hell,  and  in  the  same  circuit  a  probe  of 
particular  construction.  The  probe  should  be  of  in- 
sulating material,  having  imbedded  in  it,  and  insulated 
from  one  another,  two  copper  wires.  The  ends  of  the 
two  wires  are  exposed  at  the  end  of  the  pi'obe.  If 
these  wires  are  put  in  the  circuit  of  the  battery  and 
bell,  the  bell  will  not  ring,  because  contact  is  broken 
between  ^  the  two  wires.  If,  however,  the  probe  be 
pushed  into  a  wound  and  come  in  contact  with  a 
bullet,  then,  both  wires  toucliing  tlie  lead,  the  circuit 
is  completed,  and  the  ringing  of  tlie  hvW  gives  the 
uifhcatiou.  Instead  of  a  bell,  a  galvanometer  may  be 
used  (not  one  of  sensitive  construction),  its  deflection 
ii'.Limating  metallic  contact. 
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(4)  As  a  means  of  detecting  malingerers  electricity 
must,  of  course,  be  used  with  caution.  If  a  strong 
induced  current  fail  to  produce  contraction,  pai-alj-sis 
is  evident,  for  the  contraction  set  up  by  electricity  is 
beyond  voluntary  control.  Though  contraction  be 
produced,  however,  it  does  not  follo\^  that  nothing  is 
amiss.  Faradisation  of  the  dry  skin  with  the  wire 
brush,  if  strong  enough,  is  very  painful,  and  may 
without  danger  be  employed. 

(5)  Within,  at  most,  two  or  three  hours  after 
death  induced  curreiits  of  electricity  fail  to  provoke 
a  response  from  the  muscles.  Failure  to  elicit  re- 
sponse is,  therefore,  a  sure  sign  of  deatL  Moistened 
electrodes  should  be  employed  in  the  test,  and  the 
skin  also  should  be  well  moistened  with  warm  salt 
water. 

Electricity  is  employed  in  therapeutics, 

as  (1)  stimulant  and  counter-irritant,  (2)  sedative  and 
antispasmodic,  (3)  for  electrolysis,  (4)  as  cautery. 

(1)  Obviously  the  commonest  use  of  the  stimulat- 
ing properties  of  electricity  is  in  paralysis.  Where  the 
paralysis  is  central,  and  disuse  has  caused  wasting  of 
the  nerves  and  muscles,  electricity  is  employed  to 
restore  their  tone  and  improve  their  nutrition.  The 
induced  current  is  used,  and  of  a  strength  just 
sufficient  to  produce  contraction,  and  the  faradisation 
ought  to  be  local.  It  is  obvious  that  the  only  benefit 
to  be  expected  in  such  cases  is  the  restoration  of  the 
normal  state  of  the  muscles  and  nerves  as  to  their 
irritability;  it  is  equally  obvious  that  electricity 
cannot  be  expected  to  restore  voluntary  motion,  whose 
abeyance  is  due  to  the  central  lesion,  and  wdiose 
restoration  is  dependent  upon  the  nature  of  the  lesion. 

In  j)eripheral  paralysis,  where  the  lesion  aflects 
the  centres  in  the  cord  or  the  nerves  and  produces 
rapid  degeneration  of  nerves  and  muscles,  electricity 
frequently  yields  marvellous  results.    Faradisation  is 
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again  employed,  but,  as  explained,  in  certain  cases  it 
has  no  eflect,  and  in  such  cases  the  slowly-intei-rupted 
galvanic  current  should  be  applied.  As  already 
noted,  such  cases  occur  in  paralysis  from  injury  to  a 
nerve,  from  rheumatism,  and  from  cold,  as  in  cases 
of  facial  palsy  and  in  lead  palsy. 

Fai'adisation  has  been  also  successfully  used  for 
aphonia  and  aslhma.  In  the  latter  case  each  electrode 
is  placed  below  the  angle  of  tlie  jaw  and  in  front  of  the 
sterno-cleido-mastoid  muscle.* 

As  a  stimulant,  induced  currents  are  used  in 
amenorrhcea  and  post-mortem  hsemorrhage. 

To  restore  respiration  in  asphyxia  from  chloroform, 
or  in  the  diminished  respiration  of  opium  poisoning, 
faradisation  of  the  phrenic  nerves  is  resorted  to.  The 
phrenic  nerves  are  affected  by  placing  one  electrode 
over  the  scalenus  anticus,  behind  the  sterno-mastoid 
at  the  root  of  the  neck,  and  the  other  in  the  sixth  or 
seventh  intercostal  space. 

Faradisation  of  the  skin  (dry  electrodes)  is  practised 
for  anaesthesia  and  skin  diseases. 

Electricity  may  be  emi)loyed  as  a  stimulant  to  the 
nutritive  processes.  For  instance,  this  proceeding  has 
been  recommended  in  suspected  cerebral  lesion,  to 
promote  absorption  of  a  clot  or  contraction  of  a  cyst. 
A  weak  constant  current  is,  therefore,  employed, 
and  is  applied  by  placing  one  electrode  (anode)  on 
the  forehead  and  the  other  on  the  nape  of  the  neck  ; 
or  the  process  called  rjalvanisation  of  the  sympathetic 
may  be  njade  use  of.  This  is  accomi)li.sh'(;d  by  one 
electrode  (moist)  on  the  inner  side  of  the  sterno- 
mastoid  muscle,  on  a  level  with  the  tliird  cervical 
vertebra,  and  the  otiier  at  the  nape  of  tlio  neck. 
This  procedure  must,  however,  be  employed  with  great 
caution,  and  never  until  some  weeks  after  the  occur- 
rence of  the  lesion,  lest  inflammatory  action  be  set  up. 

•  See  paper  by  Dr.  Burnoy  Y eo  in  tlie  Lawcl  of  Nov.  27,  18S0. 


i66 


Physiological  Physics.        (Chap.  xv. 


For  nutritive  purposes  also  galvanisation  is  employed 
in  chronic  rheumatism. 

As  a  co?.^^^^er-^r?•^/!c^?^^  for  rheumatic  joints,  faradisa- 
tion by  a  wire  bi-ush  over  the  affected  joints  has  been 
said  to  yield  good  results. 

(2)  As  a  sedative  in  various  forms  of  neuralgia 
and  headache,  electricity  is  invaluable.  According  to 
physiological  theory,  a  weak  constant  current  should 
be  used,  and  anelectrotonus  produced  over  the 
painful  spot.  For  headache,  one  electrode  may  be  on 
the  forehead  and  the  other  at  the  back  of  the  head, 
or  one  on  one  temple,  the  other  on  the  opposite. 
Great  caution  and  the  use  of  weak  currents  are 
necessary.  For  ringing  in  the  ears  (tinnitus  aurium), 
the  constant  current  is  of  use,  one  electrode  (cathode) 
at  the  nape  of  the  neck,  and  the  other  in  the  meatus 
externus,  which  should  be  filled  with  salt  solution. 

As  an  anf,ispas7nodic  in  wry-neck,  writer's  cramp, 
and  other  forms  of  spasm,  the  constant  current  is 
applicable.  In  wry-neck  it  is  applied  directly  over 
the  affected  muscle  ;  in  the  wi'iter's  cramp  Dr.  Althaus 
believes  the  best  results  are  obtained  by  applying  one 
pole  to  the  upper  vertebrae,  and  the  other  over  the 
superior  cervical  sympathetic  ganglion,  the  seat  of 
disease,  according  to  him,  being  "  in  the  upper  portion 
of  the  spinal  axis." 

Antispasmodic  effects  have  also  been  observed  in 
blepharo-spasm  and  choreaic  movements. 

For  ovarian  pain  a  constant  current  may  be  tried  ; 
the  anode  over  the  painful  spot,  the  cathode  over  some 
indifferent  part. 

(3)  Electrolysis. — A  constant  current  of  electricity 
decomposes  animal  tissues  as  it  decomposes  water  or  so- 
lutions of  salts.  This  property  may  be  made  use  of  for 
tlie  production  of  eschars,  or  for  decomposing  tumours, 
etc.  The  caustic  action  of  the  negative  pole  is  greater 
than  that  of  the  positive.    The-negative  pole,  of  a  size 
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to  suit  the  desired  purjjose,  is  therefore  applied;  and  the 
positive  mfty  be  iu  the  forni  of  a  metal  plate  resting 
on  another  part  of  the  body,  a  moist  sponge  being 
interposed.  Thus  electrolysis  has  been  used  for 
decomposing  iiEevi,  bronchocele,  sebaceous  tumour, 
hydatid  cysts,  etc.  In  these  cases  the  negative  pole 
was  connected  with  one  or  more  needles  thrust  into 
the  tumour,  and  the  positive  with  a  large  sponge  on 
another  part  of  the  body.  One  of  the  chief  uses  of 
electricity  for  electrolysis  is  for  what  is  called  gal  vaso- 
puncture in  the  treatment  of  aneurism.  The  object  is 
to  produce  a  clot  in  the  aneurism  al  sac,  which  by 
successive  additions  may  finally  fill  it  up.  The 
strength  of  current  used  is  that  obtained  from  four 
to  eight  cells  of  Stohrer's  batteiy.  The  electrodes 
inserted  into  the  sac  are  of  sharp  steel  needles  (being 
coated  to  within  a  short  distance  of  the  point  with  a 
mixture  of  shellac  and  guttapercha),  the  shafts  of 
which  are  insulated  by  gum  elastic ;  one  or  more 
needles  may  be  connected  with  the  same  pole.  As  re- 
gai-ds  the  pole  to  be  used  for  the  sac,  the  positive  seems 
indicated,  since  the  clot  formed  on  it  is  small  but  firm, 
while  that  formed  round  the  negative  pole  is  large 
and  soft.  Dr.  Althaus  believes  in  attaching  needles 
to  both  poles  and  inserting  both.  Dr.  McCall 
Anderson  inserts  one  needle  attached  to  the  positive 
pole,  and  places  a  zinc  plate  and  sponge  connected 
with  the  negative  pole  on  the  chest  wall,  near  to  the 
aneurism,  the  skin  being  well  moistened.  The  needles 
having  been  inserted,  tlie  current  is  passed,  first  of 
feeble  strength,  then  slightly  increased,  and  allowed 
to  pass  for_  tifteen  to  thirty  minutes  at  a  sitting. 
The  operation  is  repeated  as  indications  warrant. 
Electrolysis  lias  been  employed  for  urinary  calculi, 
and  is  extolled  as  a  depilatory. 

(4)  For  pur/wsea  of  can.t.erij  the  clomciits  slionkl 
be  lai'ge  and  tiie  conductors  thick.    Tiie  electrodes 
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are    of  various  forms,  usually    of   platinum  wire, 
because,  offering  great  resistance,  it  quickly  becomes 
red  hot.     Fig.  83,  5,  shows  a  galvanic  cautery.  It 
consists  of  a  handle  of  ebonite,  in  which  are  imbedded 
two  thick  copper  wires,  which  have  binding  screws  for 
the  attacliment  of  the  battery  wires.    Connected  with 
these  wires,  at  the  point  of  the  instrument,  is  a  piece 
of  platinum  wire  a,  which  is  bent  as  shown  in  the 
figure,  and  flattened  at  the  beiul.     This  piece  of 
platinum  wire  becomes  white  hot  when  a  sufficiently 
strong  current  is  passed  through  it.    Usually  there  is 
a  spring  at  the  side  of  the  handle  for  breaking  or 
completing   the    continuity   of   one   of  the  wires, 
so  that   the   circuit   may  be  interrupted  or  com- 
pleted.    Thus   the   cold  point  of   the  instrument 
may  be   accurately  applied  to  the  part,  then  the 
current  sent  on,  and  the  cauterising  action  localised. 
For  making  larger  eschars  the   terminal   piece  of 
platinum  wire  is  finer  and  wound  on  a  thin  porcelain 
capsule  of  any  desired  shape,  or  a  loop  of  fine  wire 
may  take  the  place  of  these.    With  the  current  inter- 
rupted the  loop  is  properly  adjusted  and  tightened 
round  a  polypus  or  other  tumour  to  be  removed,  and, 
the  circuit  being  formed,  the  wire  becomes  red  hot ; 
it  can  then  be  made  to  cut  its  way  through  the 
tumour.    The  pain  of  the  galvanic  cautery  is  severe 
at  the  moment,  but  afterwards  sligiit,  the  extremities 
of  the  nerves  being  destroyed.     When  the  proper 
amount  of  heat  has  been  employed,  and  the  tumour 
cut  through  not  too  quickly,  hemorrhage  is  prevented, 

and  healing  is  rapid.  i  ^,  ,  • 

Electro-magnetisvi  has  been  employed  m  ophthalmic 
surgery  for  the  extraction  of  pieces  of  iron  or  steel 
from  the  tissues  of  the  eye.  _      .    p  ,i 

A  recent  use  of  electi-icity  in  medicine  is  for  the 
purpose  of  illuminating  certain  passages  and  cavities  ot 
the  body     Thus  lamps  of  the  incandescent  type  may 
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be  made  small  enough  to  be  passed  even  into  the 
bladder  or  into  the  stomach,  -an  arrangement  of 
mirroi-s  permitting  a  view  of  the  interior. 

It  thus  appears  that  if  the  physical  effects  of  elec- 
trical currents  be  kept  in  view,  as  well  as  the 
physiological  effects  on  muscle  and  nerve,  or  excita- 
bility of  nerves  and  such  other  facts,  valuable  indi- 
cations will  be  obtained  as  to  the  use  of  electricity, 
the  kind  to  be  employed,  and  the  method  of  appli- 
cation.* 

•  Consult:  "A  Treatise  on  Medical  Electricity,"  by  Julius 
AJthaus,  M.D.;  "A  Te.xt-Book  of  Electricity  in  Medicine  and 
Surgery  "  by  G.  V.  Poore,  M.D.  ;  also  in  "  Quain's  Dictionary," 
article,  Electricity, "  by  Dr.  Poore  ;  "Electro-diagnosis  in  Diseases 
of  the  Nervous  System,"  by  A.  Hughes  Bennett,  M.D.  ;  "The 
Electro-magnet  and  its  Employment  in  Ophthalmic  Surgery,"  by 
Simeon  Snell ;  "A  Practical  Introduction  to  Medical  Electricity  " 
by  A.  De  WatteviUe,  M.A.,  M.D.,  etc.  ;  "Faradization  Localisee!" 
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tHE  GEAPHIC  METHOD. 

By  the  graphic  method  is  meant  the  process  by 
■which  curves  or  tracings  are  obtained,  which  represent 
various  phenomena.  Thus,  a  chart  on  which  is  traced 
out  daily  the  course  a  vessel  has  taken  in  crossing 
from  Europe  to  America  is  a  graphic  representation 
of  its  voyage,  the  lines  drawn  from  day  to  day  repre- 
senting not  only  the  course  of  the  vessel,  but  the 
distance  accomplished  since  the  day  pi-evious,  and  con- 
sequently the  speed  of  the  ship.  Similarly  a  fever 
chart,  on  which  is  marked  daily  the  temperature  of  a 
patient,  each  degree  or  fraction  of  a  degree  gained  or 
lost  above  the  normal  being  represented  by  a  mark  at 
a  definite  distance  above  or  below  the  normal  line, 
and  each  successive  day  being  indicated  by  a  given 
space  across  the  chart,  a  fever  chart  is  a  graphic 
representation  of  the  course  and  variation  of  the 
fever.  Now  this  method  is  applied  in  many  ways  in 
physiology  and  medicine,  to  obtain  a  record  of  time 
of  movement  of  heart,  pulse,  muscle,  or  chest,  to  obtain 
a  record  of  blood  pressure,  and  so  on.  The  means  of 
recording  time  will  first  be  considered. 


CHAPTER  XVI. 

THE  MEASUREMENT  OF  SMALL  INTERVALS  OF  TIME. 

The  idea  which  has  rendered  possible  great 
advances  in  graphic  registration,  and  especially  that 
of  time,  was  suggested  by  Thomas  Young  in  IbO*. 
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If  a  cylinder  be  caused  to  revolve  at  a  constant  speed, 
and  if  a  lever  be  brought  up  against  it,  and  caused  to 
make  a  mai-k  upon  it,  the  time  duiing  which  the  lever 
acted  on  the  cylinder  can.  be  estimated  by  the  sjseed  of 
the  cylinder.  Thus,  if  the  cylinder  revolved  once  in 
the  second,  and  the  mark  extended  half  way  round 
the  cylinder,  the  lever  must  have  acted  during  half 
the  time  of  revolution  of  the  cylinder,  i.e.  a  half 
second.  Or,  if  the  cylinder  revolve  once  per  second, 
and  the  space  of  the  cylinder  be  divided  by  100 
vertical  lines  into  100  equal  parts,  then  each  part 
represents  graphically  the  x^th  of  a  second,  and 
so  on. 

This  idea  was  speedily  taken  up  and  developed  by 
some  French  experimenters,  and  specially  by  Professor 
Marey  of  the  College  of  France.  To  render  the 
movement  uniform  he  added  to  the  revolving  cylinder 
the  regulator  used  by  Foucault  in  his  determination  of 
the  velocity  of  light. 

The  cylinders  now  used  are  generally  made  of 
copper,  and  are  turned  by  clockwork,  regulated  by  a 
Foucault's  regulator.  There  are  usually  two  or  three 
axes  of  different  degrees  of  speed,  on  any  of  which  the 
cylinder  may  be  pivoted,  or  there  is  an  arrangement 
for  altering  the  speed  without  moving  the  cylinder. 
A  dial  plate  indicates  the  number  of  revolution.s. 
The  cylinder  is'  covered  with  paper  smoked  by  a  tur- 
pentine lamp.  Any  marker  brought  against  the 
cylinder  removes  the  soot  and  mak-es  a  white  mark  as 
a  record  of  its  contact. 

Even  without  such  a  regulator,  however,  accurate 
measurements  can  be  made  by  tlie  use  of  electro- 
magnets. Fig.  84  shows  such  an  instrument,  which 
IS  constructed  on  the  same  principle  as  Wagner's 
hammer.  (*S'ee  page  42.)  The  current  from  a  buttery 
entering  by  one  binding  screw  passes  round  tiie  bobbins 
of  wire,  converting  their  .soft  iron  cores  into  temporary 
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magnets,  and  leaves  by  the  other  binding  screw.  The 
keeper  K  has  attached  to  it  a  lever  6,  which  is  drawn 
down  by  the  magnets.  When  the  current  is  in- 
terrupted the  keeper  is  withdrawn  by  the  elasticity  of 
the  spring  c,  and  the  lever  flies 
!l  K        up.    Now,  if  the    current  of  this 

electro-magnet  be  interrupted  and 
then  established  by  the  movement 
of  a  seconds  pendulum,  the  lever 
broustht  against  tho  surface  of  a 
revolving  cylinder  will  mark 
seconds. 

The  clock  may  be  arranged  to 
^*-""Bar'"°  interrupt  each  half  second,  and  the 
lever  will  then  mark  half  seconds. 
Further,  the  metronome  figured  on  page  71  can  be 
adapted  to  the  electro-magnet,  and  the  number  of  its 
movements  per  minute  will  be  reproduced  by  the 
electro-magnet.  Still  more  minute  intervals  of  time, 
however,  can  be  registered  by  the  use  of  tuning  forks. 
If  to  one  limb  of  a  fork  a  fine  stylet  be  attached,  and 
if  the  fork  be  caused  to  vibrate  and  the  stylet  be 
brought  against  the  surface  of  a  revolving  cylinder,  the 
moving  limb  will  write  a  series  of  curves,-  each  curve 
corresponding  to  a  to-and-fro  movement  of  the  limb  of 
the  fork.  Suppose  the  limb  vibrates  100  times  per 
second,  then  each  curve  will  equal  ^^th  of  a  second. 
Another  fork  vibrating  200  times  per  second,  will 
write  .7^0*1^  of  a  second,  and  so  on.  Such  rapid 
vibrations  cannot,  however,  be  well  recorded  without 
the  use  of  the  electro-magnet.  The  method  of 
adapting  this  to  the  tuning  fork  has  been  devised 
by  Marey.  Fig.  85  shows  one  part  of  the  apparatus. 
It  is  an  electro-magnet  of  two  bobbins  with  soft  iron 
cores  ;  on  eacli  is  a  soft  iron  keeper  hb  ;  between  the 
keepers  a  triangular  interval  is  left,  which  is  occupied 
by  a  wedge-shaped  piece  of  soft  iron  c,  supported  on 
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Fitr.  85.— Marey's 
Vibrating  Style. 


a  steel  spring  which  runs  between  the  bobbins.  The 
current  is  brought  to  the  binding  screws  d  d.  When 
the  keepers  are  magnetic  both  act 
on  the  little  wedge,  and  pull  it 
down  into  the  space  between  them. 
When  they  are  in  proper  position 
they  should  act  equally  so  as  not  to 
attract  the  wedge  to  one  side  or 
other.  When  the  keepers  are  de- 
magnetised the  wedge  is  pulled 
upwards  by  the  spring.  A  finely 
pointed  piece  of  quill  projects  from 
the  wedge  as  marker.  The  current 
circulating  round  the  bobbins  is  interrupted  by  a 
tuning  fork,  as  shown  in  Fig.  86. 

The  tuning  fork  is  fixed  horizontally  to  a  wooden 
support,  and  has  between  its  limbs,  or  at  the  side,  a 
srhall  electro-magnet,  marked  Elect,  in  the  figure.  On 
the  support  are  two  binding  screws,  one  connected 

with  the  magnet, 
the  other  with  the 
fork.  The  fork 
carries  at  the  end 
of  one  limb  a  small 
piece  of  fine  plati- 
num wire,  which 
can  be  made  to 
touch  a  small  plate 
of  platinum  sup- 
ported, by  means 
Tliis  uprigiit  is 


Tuning  Fork  for  Chi-onograph. 


of 


.screw,  on  a  brass  uprigiit  H. 
connected  with  one  end  of  the  wire  round  the  efectro- 
magnet.  The  current  from  the  element  e  enters  by 
the  binding  screw  connected  with  the  fork  along  which 
it  passes  to  the  limb  bearing  the  wire.  From  the 
wire  it  escapes  to  the  platinum  plate  on  the  uprigiit, 
and  from  this  passes  round  the  bobbins,  magnetisin<^ 
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them,  and  from  them  to  the  other  binding  screw.  The 
electro-magnet  attracts  the  limbs  of  the  fork,  and 
so  contact  is  broken  between  the  platinum  wire  and 
the  platinum  plate,  and  the  current  is  interrupted. 
The  fork  is  restored  to  its  original  position  by  its 
elasticity,  and  re-establishes  the  contact,  so  that  the 
bobbins  again  become   magnetic,  attract  the  fork, 
and  again  contact  is  broken.    Thus  the  fork  is  made 
to  vibrate,  the  current  is  alternately  interrupted  and 
established,  and  the  number  of  these  interruptions 
corresponds  to  the  number  of  vibrations  of  the  fork. 
To    connect    this    apparatus    with    the    stylet,  a 
wire  from  the  battery  is  led  to  one  of  the  binding 
screws  of  the  fork;  from  the  other  screw  a  wire 
goes  to  one  screw  of  the  stylet,  and  from  its  re- 
maining  binding   screw  a  wire   goes  back  to  the 
battery.    Both    are  now   in  circuit.    The  current 
traversing  the  stylet  is  interrupted  a  certain  number 
of  times  by  the  fork,  and  its  fine  quill  point  can  thus 
be  caused  to  vibrate  in  luiison  with  the  fork.  When 
this  stylet  is  fixed  to  a  support  and  brought  against 
the  smoked  surface  of  a  revolving  cylinder,  intervals  of 
time  are  marked  accordhig  to  the  number  of  vibrations 
per  second  of  the  tuning  fork.    The  fork  can  usually 
be  removed  from  its  support,  and  another  one  vibrating 
a  fewer  or  greater  number  of  times  can  be  substituted, 
so  that  ditferent  rates  of  movement  can  be  communi- 
cated to  the  vibrating  stylet.    Thus  the  ■^^\  of  a 
second  can  be  measured  with  ease,  and  the  measure- 
ment of  even  more  than  half  this  interval  has  been 
accomplished.      Such  an  instrument   as   has  been 
described  is  called  a  chronoghapii,  or  time  writer. 
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THE  MYOGRAPHlON. 

The  registration  of  muscular  movements  has  been 
accomplished  with  the  aid  of  an  instrument  called  the 
myogniphion.  An  extremely  complicated  instrument 
was  devised  by  Helmholtz  for  the  purpose  of  measuring 
the  rapidity  of  the  nerve  current.  The  simple 
myogi-aphion  of  Ptlueger  is  shown  in  Fig.  87.  It  con- 
sists of  a  mahogany  base  s,  from  which  rise  brass 
pillars  e,  which  carry 
the  douljle  lever  b.  From 
the  forward  eud  of  b 
hangs  a  rod  with  a  steel 
point  projecting  against 
the  glass  plate  p.  The 
weight  of  this  part  of  the 
lever  is  counter-balanced 
by  m.  From  the  base  rises 
a  brass  column  z,  hold- 
ing the  forceps,  in  which 
the  nerve-muscle  prepara- 
tion is  caught.  Through 
the  tendo  Achilles  of  the 
muscle  is  passed  a  hook, 
attached  to  c  of  the  levei 


Fig.  87.— Simple  Mjograpliion. 


,    From  the  under  side  of  the 

lever  hangs  a  scale-pan  for  weigliting  the  muscle.  The 
brass  pdlar  supports  a  glass  chamber  inwhichthemuscle 
may  be  kept  moist.  If  the  glass  plate  is  smoked, 
and  the  steel  point  ])rojects  on  to  it,  then,  a  basement 
Inie  havnig  been  obtained  by  drawing  the  plate  in 
trout  of  the  point,  on  the  muscle  contracting  a  line  is 
drawn,  and  the  extent  of  contraction  can  be  measured 
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by  the  height  of  the  line.  The  plate  may  then  be 
moved,  and  another  tracing  obtained  for  comparison 
with  the  first.  With  such  an  arrangement  a  record 
can  he  obtained  of  the  varying  degrees  of  contraction 
by  varying  the  stimulus,  or  varying  the  weight,  or 
varying  the  interval  between  each  stimulus,  and  so  on. 
Again,°without  stimulating  the  muscle,  the  elasticity 
of  the  muscle  may  be  measured  by  putting  weights 
into  the  pan,  and  finding  how  the  muscle  returns  to  its 
original  length  on  removal  of  the  weight.  One  may 
note  also  different  degrees  of  stretching  with  different 

weights.  .  , . 

To  obtain  a  curve  of  muscular  contraction  a  modi- 
fication of   the  iiistrument  was  made  by  Du  Bois- 
Reymond.    In  the  original  form  of  the  instrument 
the  glass  plate  was  not  so  long  as  shown  m  the  figure 
and  was  movable  by  turning  a  screw  by  hand.  Instead 
of  the  plate  being  movable  in  its  frame  by  hand  or 
by  screw,  a  spring  arrangement  is  substituted.  The 
glass  plate  is  long,  and  is  movable  along  ^^ires,  as 
shown  in  the  figure.    When  pushed  to  one  end,  the 
plate  is  held  there  by  a  catch  agamst  the  force  ot  a 
spring  wound  spirally  on  the  rod  B.    But  as  soon  as 
the  catch  is  released,  the  spring  causes  the  plate  to  d^sh 
across  from  one  side  of  the  frame  to  the  other.    On  the 
support  beneath  the  plate  are  two  binding  screws  con- 
nected by  a  lever.    These  binding  screws  are  m  the  cir- 
cuit of  the  primary  coil  of  an  induction  machme,  and 
when  the  lever  touches  both  the  current  passes  ;  when 
the  contact  of  the  lever  is  broken  the  cun-ent  is  inter- 
rupted   The  muscle  is  connected  with  wires  from  the 
secondary  coU  of  the  inductorium,  and  if  the  current 
in  the  primary  coil  be  interrupted,  the  muscle  is  stimu- 
lated to  contraction.    Now  when  the  liberated  glass 
plate  dashes  across,  a  piece  of  brass  projecting  from  its 
under  edge  knocks  the  lever  aside,  and  at  this  instant 
the  muscle  gets  a  shock  ;  the  muscle  bemg  supported 
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in  the  forceps  and  attached  to  the  lever,  the  marker  of 
which  is  against  the  glass  plate,  a  curve  of  muscular 
contraction  is  obtained.  A  mark  can  be  made  in  the 
plate  indicating  the  moment  the  contact  is  broken,  and 
it  can  be  seen  whether  the  moment  of  contraction 
coincides  with  this.  The  latent  period  of  stimulation 
can  thus  be  measured,  and  if  the  stimulation  be  made 
by  the  nerve,  and  the  experiment  be  repeated  by 
stimulation  at  two  diti'ei-ent  points  of  the  nerve  at  some 
distance  from  one  another,  as  described  on  page  1  82, 
the  rapidity  of  the  nerve  current  can  also  be  estimated. 
The  newest  addition  to  the  spring  myographion  con- 
sists in  the  adaptation  of  a  tuning  fork  whose  stylet 
projects  on  the  lower  part  of  the  plate.  An  ingenious 
contrivance  liberates  the  plate  and  at  the  same  time 
causes  the  foi'k  to  vibrate,  so  that  curves  of  the  ^^th 
of  a  second  or  so,  according  to  the  fork,  are  obtained 
simultaneously  with  the  contraction,  to  facilitate  the 
estimation  of  time. 

An  arrangement  adopted  by  Marey  and  shown  in 
Fig.  88  is  specially  advantageous,  because  the  muscle 
and  nerve  experimented  on  are  not  removed  from  the 
frog  but  left  in  sitio,  so  that  drying  is  prevented  and 
nutrition  is  carried  on.  A  frog  is  pithed  and  pinned 
down  on  a  frog-plate  of  cork,  which  is  supported  on 
a  brass  upiight.  A  slit  in  the  skin  of  one  leg  over 
the  tendo  Acliilles  is  made,  and  the  tendon  freed  from 
Its  insertion.  At  the  end  of  the  frog-plate  is  a  stylet, 
attached  to  a  spring,  which  is  made  to  project  on  to 
the  surface  of  a  cylinder,  as  seen  in  the  ho-ure  A 
piece  of  thread  tied  to  the  tendon  is  attached  to  a 
small  hook  at  the  side  of  the  lever.  If  the  muscle 
contracts,  the  lever  is  pulled  to  one  side;  when  the 
muscle  relaxes,  the  elasticity  of  the  s]n-ing  returns  the 
ever  to  its  original  position.  If  the  point  of  the 
iever  IS  resting  on  the  surface  of  the  revolving 
cylinder,  a  curve  of  muscular  contraction  will  be 
M — 7 
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produced  by  the  movement.  The  muscle  is  stimulated 
indirectly.  The  figure  shows  two  platinum  wires 
supported  in  a  piece  of  vulcanite,  the  wires  being  m 
connection  with  two  little  mercury  cups.  The  vul- 
canite is  connected  by  a  piece  of  flexible  lead  tube  to 


Fig.  88.— Marey's  Myographion. 


a  brass  support  springing  from  the  frog-plate.  The 
extremity  of  each  wire  is  bent  into  a  fine  hook.  A 
slit  is  made  iia  the  skin  of  the  thigh  ot  the  frog,  and 
the  muscles  are  separated  just  sufiiciently  to  show  the 
sciatic  nerve.    The  wires  are  then  placed  under  the 
nerve  by  means  of  their  hook-like  extremities  The 
nerve  is  therefore  very  little  disturbed.     Into  each 
mercury  cup  is  put  a  wire  from  the  secondary  coil  ot 
an  induction  machine;   by  this   means,  the  small 
niece  of  nerve  between  the  two  platinum  electrodes  is 
stimulated.     The  primary  coil  of  the  i-^^^^^™"^ 
may  be  arranged  to  give  a  single  ^^^f^^  (page  60)  or 
for  the  production  of  tetanus,  and  the  level  xsill 
accordinAy  give  the  curve  of  a  single  contraction  oi 
S  tetanus!  revealing  the  characteristics  of  con  -ct,o^ 
and  relaxation  in  each  case.  As  seen  m  the  figuie,  the 
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frog-plate  is  supported  on  a  brass  upright,  springino- 
from  a  metal  base  on  three  wheels.    The  wheels  move 
on  rails.    Through. the  base  there  passes  a  thick  screw 
with  a  very  fine  thread.    The  screw  is  turned  by 
clockwork  supplied  with  a  regulator,  and  works  on 
pivots.    By  the  motion  of  the  screw  the  frog-plate 
is  sloAvly  carried  along  the  rails  from  one  end  to  the 
other.    By  this  means,  if  the  recording  cylinder  be 
kept  revolving,  the  lines  drawn  by  the  stylet  do  not 
clash  with  one  another,  but  each  succeeding  one,  by 
the  movement  of  the  frog-plate,  is  drawn  in  front  of 
the  other.    Now,  if  at  exactly  the  same  point  in 
each  revolution  of  the  cylinder  the  primary  circuit 
were  closed  and  then  opened,  two  curves,  one  of 
the   closing  and   another  of  the  opening  contrac- 
tion, would  be  obtained  side  by  side,  and  with  every 
succeeding  revolution  two  other  curves  would  be  ob- 
tained, those  of  one  revolution  always  in  advance  of  the 
other.    This  process  might  be  permitted  to  go  on  for 
a  half  or  one  hour,  and  at  the  end  of  that  time  one 
would  have  on  the  cylinder  a  register  of  the  variations 
in  the  form,  height,  etc.,  of  the  muscle  curve  due  to 
the  constant  repetition  of  the  stimulus  ;  a  registration 
of  fatigue  would  be  obtained.    On  the  same  cylinder 
time  could  be  marked  by  the  chronograph,  so  that  one 
could  gauge  how  fatigue  affected  the  speed  of  con- 
traction and  relaxation.     An    apparatus  has  been 
adapted  to  the  cylinder  for  the  jiurpose  of  stimulating 
muscles  and  nerves  at  certain  moments  in  the  revolu"^ 
tion  of  the  cylinder,  but  a  very  simple  arrangement 
e^isily  accomplishes  this  in   the  ordinary  cylinder 
to  the  circumference  of  the  end  of  the  cylinder  b 
or  to  the  axis,  a  small  piece  of  copper  wire  can 
easily  be  fixed  with  solder.    This  projects  downwards 
Irom   the  outer  end  of  the   cylinder.    A  shallow 
dish  containnig  mercury  is  then  placed  beneath  the 
cylinder,  or  a  wooden  trougli  can  be  adapted  in 
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the    space  between    the  end  of   the  cylinder  and 
the  upright  which  supports  it.    By  the  revolution 
of  the  cylinder  the  copper  wire  is  dipped  into  the 
dish  or  trough  containing  mercury,  carried  through 
it  and  out  at  the  other  side.    To  make  the  circuit, 
therefore,  dip  one  end  of  a  wire  into  the  trough, 
the  other  end  being  connected  with  a  screw  of  the 
primary  spiral  of  the  inductorium,  from  the  induc- 
torium  lead  one  Avire  to  the  battery,  and  carry  another 
wire  direct  from  the  battery  to  the  screw  connected 
with  tlie  pivot  on  which  the  cylinder  moves  (a.  Fig.  88). 
Thus  tlie  current  from  the  battery  reaches  the  screw 
supporting  the  axis  of  the  cylinder,  passes  across  to 
the  cylinder,  and  from  it,  when  the  copper  wire  which 
it  carries  dips  into  the  mercury  trough,  the  current 
passes  to  the  mercury,  and  so  gains  the  wire  that 
takes  it  to  the  inductorium  round  the  primary  coil, 
and  back  to  the  battery.    Thus,  when  the  copper  wire 
carried  round  by  the  cylinder  dips  into  the  mercury 
trough  the  circuit  is  closed,  when  the  wire  leaves  the 
trough  the  circuit  is  opened,  and  with  each  opening 
and°closing  an  induced  current  is  produced  in  the 
secondary  coil  which  stimulates  the  muscle. 

The  pendulum  mj  ogiapliion  of  Tick  is 
shown  in  Fig.  89,  in  the  improved  form  given  to  it  by 
Helmholtz.  The  lower  end  of  the  pendulum  carries 
a  smoked  glass  plate  A,  which  can  be  moved  up  or 
down  in  its  frame  by  turning  the  wheel  shown  above 
it.  It  can  also  be  moved  to  either  side.  By  the  up  or 
down  movement  the  period  of  oscillation  of  the  pen- 
dulum would  be  altered,  and  to  prevent  this  a  similar 
plate  is  placed  at  the  back  which  moves  up  when  the 
front  one  moves  down,  and  vice  versa.  [The  second 
plate  is  not  shown  in  the  figure.]  When  tlie  pen- 
dulum is  pulled  to  one  side,  it  is  caught  and  held  there 
by  a  piece  of  brass  a  projecting  downward,  being 
fixed  V,y  the  catch  b.     When  this  catch  is  pulled 
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clown  tlie  liberated  pendulum  swings  back ;  but  by  the 
momentum  it  acquires  it  passes  the  middle  line,  and 
swings  up  on  the  other  side,  where  it  can  be  caught  by 


Peudulum  Myograijliiou. 


another  catch  precisely  similar  to  h.  When  the  pen- 
dulum swings  the  glass  plate  is  drawn  in  front  of  a 
•steel  point  projecting  from  a  heavy  lever,  which  is  sun- 
ported  by  a  frog's  gastrocnemius  held  in  the  forceps 
1  he  nerve  of  the  muscle  is  laid  across  electrodes  of 
platinum  wire,  similar  to  those  shown  in  Fi-  45  on 
page  bo,  so  as  to  peru.it  the  nerve  being  sthnulited 
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at  either  of  two  different  points.  If  the  muscle  is 
stimulated  vhen  the  glass  plate  passes  in  front  of  the 
lever,  a  curve  of  the  muscular  contraction  is  obtained. 
Below  the  glass  plate  is  placed  a  very  ingenious 
arrangement  for  insuring  stimulation  of  the  muscle  at 
a  giveii  time.  It  consists  of  two  binding  screws  con- 
ne^'cted  by  a  movable  arm  c.  Suppose  the  two  wires 
from  a  battery  fixed  to  the  screws;  when  the  arm  is 
in  contact  the  circuit  will  be  closed,  when  the_  arm 
is  moved  away  the  circuit  will  be  broken.  It  is,  m 
fact,  a  key,  and  is  placed  in  circuit  with  the  battery 

and  primary  coil,  while  the 
wires   from  the  secondary 
coil    pass    to    the  nerve. 
Now  a  piece  of  brass  pro- 
jecting   from    the  under 
end  of  the  pendulum  is  so 
arranged  as  to  come  against 
the  movable  arm   as  the 
pendulum  swings,  and  sepa- 
rate   it    from   its  contact 
with  one  of    the  binding 
screws,  so  that  the  current 
is  interrupted,  and  conse- 
quently at  that  instant  the 
'"a-ufurS-pb.""  ""^^  niuscle  is  stimulated.  The 
detailed   arrangements  are 
shown  in  diagram  in  Fig  90.    p  is  the  smoked  plate 
of  the  pendulum,  caiTying  the  projection  3  for  mter- 
rupting  the  circuit.      From  the  battery  E  a  wire  is 
taken  °to  binding  screw  1,  from  which  the  current 
passes  across  the  lever  2,  in  connection  with  the  other 
bindino-  screw,  and  so  to  the  primary  coil  i  of  the 
niductfon  machine,  and  back  to  e.    When  the  plate 
swings  across,  3  knocks  2  away  from  contact  with  1 
makin<^  it  take  up  tlie  position  indicated  by  the  dotted 
line,  so  that  the  circuit  is  interrupted.    The  wires 
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from  the  secondary  coil  il  go  to  the  sides  of  the  com- 
mutator c,  which  has  no  cross;  wires  pass  from  c  to 
a  aud  b,  points  in  the  course  of  the  nerve  11  of  the 
muscle  7)1  caught  in  the  forceps  r.  The  muscle  is 
attached  to  the  lever  I,  whose  point  touches  the  glass 
plate.  According  to  the  position  of  the  commutator 
the  nerve  may  be  stimulated  at  a  or  b.  Let  it  be 
arranged  to  stimulate  at  a  ;  set  the  pendulum  as  shown 
in  Fig.  89,  release  it,  and  get  the  curve  of  its  contrac- 
tion. Bring  the  pendulum  back  to  its  original  posi- 
tion ;  see  that  the  lever  which  has  been  knocked  away 
from  contact  is  restored,  taking  care  to  give  no  shock 
in  doing  so.  Then  reverse  the  commutator  so  as  to 
stimulate  at  b,  release  the  pendulum,  and  get  a  second 
curve.  The  second  curve  will  be  a  little  in  front  of 
the  first.  The  difference  between  the  two,  which 
should  spring  from  the  same  base  line,  is  evidently  due 
to  the  delay  caused  by  the  time  taken  by  the  nervous 
stimulus  to  pass  from  b  to  a.  To  measure  this  time  a 
chronograph  must  be  brought  up  against  the  plate, 
and,  on  allowing  the  pendulum  to  swing  again,  a 
tracing  of  time  in  lOOths  or  200ths  sec.  is  obtained. 
The  difiFe  rence  of  tune,  then,  between  the  first  and 
second  curve,  is  the  time  taken  by  the  nerve  current 
to  pass  from  b  to  a,  and  if  this  distance  be  carefully 
measured  the  rapidity  of  the  nerve  current  is  obtained. 
If  now  the  pendulum  be  brought  with  the  hand  just 
to  the  place  where  it  breaks  the  contact  of  the  lever 
with  the  binding  screws,  and  tlie  lever  of  the  myograph 
be  caused  to  make  a  vertical  line  tliere,  without  any 
movement  of  the  glass  plate  being  allowed,  a  mark  will 
be  obtained  indicating  the  moment  of  interruption  of 
the  primary  current,  i.e.  the  moment  of  stimulation  of 
tlie  muscle.  It  Avill  be  found  that  this  mark  does  not 
coincide  with  the  commencement  of  the  niuscle  curve, 
which  occurs  a  little  later  ;  and  tlie  diilcreiicc  in  time 
between  the  two  gives  the  period  of  latent  stimulation. 
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Given  the  revolving  cylinder,  very  many  simple 
arrangements  may  be  made  for  tlie  registration  of 
varions  phenomena.    Thus  the  speed  of  propagation 
of  the  wave  of  muscular  contraction  may  be  very  easily 
measured  with  the  aid  of  two  simple  levers.    A  frog's 
muscle  is  laid  on  a  support,  one  end  being  tightly 
clamped  by  a  small  forceps,  and  the  other  end  being 
attached  to  a  weight  by  a  cord  passing  over  a  pulle}'. 
One  lever  is  laid  across  the  muscle  at  one  end,  and 
another  across  the  other  end.     Both  levers  are  caused 
to  project  on  to  the  surface  of  a  revolvhig  cylinder 
placed  vertically,  the  levers  being  so  arranged  that  the 
point  of  the  second  touches  the  cylinder  directly  below 
the  point  of  the  first.     The  muscle  is  then  stimulated 
at  one  end.    The  wave  of  contraction,  passing  through 
the  muscle,  lifts  the  first  lever,  which  writes  its  curve 
on  the  cylinder,  and  immediately  afterwards  lifts  the 
second  lever,  which  also  writes  its  curve.    Thus  two 
curves  are  obtained,  one  a  little  in  advance  of  the  other, 
and  the  difference  between  the  two  measures  the  time 
it  took  the  wave  of  contraction  to  pass  from  one  end 
of  the  muscle  to  the  other.     A  chronographic  tracing 
on  the  same  cylinder  will  indicate  the  absolute  value 
of  this  time. 


CHAPTER  XVIII. 

THE  TRANSJIISSION  OF  MOVE.MENT. 

A  DEVICE  of  Marey's,  called  the  tambour  or  drum, 
brings  within  the  region  of  gi-aphic  registration  many 
phenomena  which  it  might  be  impossible  to  register 

without  it.  \     J       1  11 

The  taiiiboiir  consists  (Fig.  91)  of  a  shallow 
metallic  capsule  «,  provided  with  a  side  tube  /  The 
capsule   is   closed  above  by  a  delicate  caoutchouc 
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membrane  h  ;  and  to  the  centre  of  the  membrane  is 
cemented  a  disc  of  aluminium  c,  from  which  two  light 
supports  rise  for  pivoting  a  lever  d.  The  lever  can 
be  made  of  any  required  t"-— ■'— -i^^^jT^g^  _  ^  j  ^ 
length,  and  terminates  in  ^  ^^^^^Bl" ^liT'iinil^g^IPl 
a  fine  point  for  writing  e^^^^^^^^y|i^^P' 
on  the  revolving  cylinder.  i-^^  ^r?^\ssijin 

The  attached  end  of  the      pig.  gi.-Tambour  of  Marey. 
lever  is  freely  movable 

round  a  horizontal  axis.  Now  the  membrane  covering 
the  capsule  moves  with  every  change  in  the  volume  of 
air  which  the  capsule  contains,  and  this  movement  is 
communicated  by  the  aluminium  disc  and  its  uprights 
to  the  lever  supported  by  them.  The  apparatus  has 
arrangements  for  increasing  or  diminishinrj  the  move- 
ment  communicated  from  the  membrane  to  the  lever. 
Thus  the  attached  end  of  the  lever  is  split  and  the 
supports  springing  from  the  membrane  can  slide  back- 
wards or  forwards  upon  it.  If  the  supports  be  pushed 
towards  the  attached  end  the  movement  of  the  lever 
is  increased,  and  vice  versa.  AVhen  the  supports  are 
moved  one  way  or  other  they  cease  to  be  vertically  on 
the  membrane.  This  is  corrected  by  the  screw  s, 
which  moves  the  tambour,  and  by  means  of  it  the 
tambour  may  be  brought  directly  under  the  point  of 
support  of  the  lever.  By  these  arrangements  the  sen- 
sibility of  the  lever  can  be  altered. 

Such  a  tambour  as  this  is  brought  into  comrau- 
nication  with  another  similar  instrument  by  means 
of  an  indiarubber  tuVje,  which  is  attached  at 
each  end  to  the  tube,/ of  each  tambour.  When  two 
tambours  are  thus  connected  with  tubing  they  form  a 
closed  system,  and  we  may  consider  them  as  .simply  a 
tube  terminating  at  each  end  in  an  aii--bag.  When 
the  air  is  compressed  in  one  taml)our,  e.g.  by  its 
membrane  being  pressed  downwards,  the  compression 
passes  througli  the  tube  to  tlie  otlu-r  tambour,  and 
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acting  on  tlie  yielding  caoutcliouc  membrane  raises  it 
upwards ;  and  the  movement  is  indicated  by  an 
iipward  stroke  of  the  lever.  Thus  a  movement  almost 
imperceptible  in  the  membrane  itself  will  be  rendered 
quite  visible  by  the  lever.  Again,  if  the  membrane  of 
one  tambour  be  raised  or  pulled  upwards  the  air 
within  it  will  be  rarefied.  The  rarefaction,  acting 
through  the  indiarubber  tubing,  will  cause  the 
membrane  of  the  second  tambour  to  be  depressed, 
and  this  movement  the  lever  will  indicate  by  a  down- 
ward stroke.  Thus  with  a  system  of  two  tambours  a 
downward  movement  of  the  membrane  of  one  causes 
an  upward  movement  of  the  lever  of  the  other,  and 
vice  versa.  If,  however,  it  is  desired  to  give  the  same 
direction  to  both,  it  is  only  necessary  to  turn  one 
tambour  upside  down.  Thus,  not  only  may  move- 
ments be  transmitted  from  a  distance,  but  the  move- 
ment may  be  recorded  in  any  dir  ection  at  will,  for  the 
tamboar  which  writes  the  movement  may  be  placed 
so  as  to  write  on  a  horizontal  cylinder,  or  may  be 
turned  so  as  to  write  on  a  vertical  cylinder.  Thus  a 
horizontal  may  be  converted  into  a  vertical  movement, 
or  vice  versa,  and  otherwise. 

The  tambour  which  receives  the  movement  is 
called  the  receivirig  or  transmitting  tambour,  and  that 
which  writes  as  the  registering  or  recording  tambour. 
The  registering  tambour  will  retain  in  all  cases  the 
form  described,  being  supported  on  a  horizontal  or 
vertical  arm,  as  may  be  wished,  and  its  lever  point 
brought  against  the  blackened  moving  surface.  The 
tambour,  however,  which  receives  the  impulses  to  be 
transmitted,  is  modified  to  suit  the  circumstances  of 
each  case.  Thus,  Marey  has  adapted  the  instrument 
for  the  purpose  of  obtaining  a  note  of  the  contacts  of 
each  foot  with  the  ground  in  running.  A  shoe  has  in 
its  sole  one  tambour  in  the  form  of  an  air-chamber, 
the  air  of  which  is  compressed  by  the  pressure  of  the 
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foot  on  the  ground.  It  communicates  with  a  recording 
tambour  of  the  usual  form  projecting  on  to  the  surface 
of  a  revolving  cylinder  which  the  man  carries  in  his 
hand.  The  contacts  of  each  foot  are  recorded  side 
by  side  on  the  same  .cylinder  from  a  tambour  in  the 
sole  of  each  shoe.  The  man  has  also  on  his  head  a 
tambour  which  transmits  the  vertical  oscillation  of  his 
body.  Similarly  Marey  has  adapted  the  apparatus  for 
recording  the  movements  of  a  bird's  wiug  in  flight. 
Moditied  forms  of  the  apparatus  have  also  been  made 
for  registering  the  movements  of  the  heart,  of  the 
pulse,  of  the  breathing.  It  is  easy  to  understand  also 
how,  by  means  of  a  series  of  tambours,  disposed  at  in- 
tervals along  the  coui'se  of  an  elastic  pipe,  informa- 
tion may  be  obtained  of  the  propagation  of  a  wave 
through  the  fluid  which  fills  the  pipe,  and  of  the 
differences  in  the  characters  of  the  wave  when  the  pipe 
ends  in  a  wide  or  in  a  constricted  opening,  or  when 
the  opening  is  entirely  blocked.  The  apparatus  may 
also  be  adapted  to  the  frog-plate  of  Marey,  and  the 
muscle  of  the  frog  attached  by  its  tendon  to  the  short 
lever  of  a  receivina;  tambour,  the  resisterinef  one  beinc 
some  distance  away.  An  ingenious  combination  of 
two  tambours  has  been  made  by  Marey  for  the 
purpose  of  combining  two  movements  in  one  tracing. 
The  arrangement  is  called  the  pantograph.  The  two 
tambours  are  placed  at  right  angles  to  one  anothei-, 
and  their  levers,  jointed  in  a  way  to  permit  it,  join 
one  common  lever  whose  point  is  in  contact  Avith  the 
blackened  surface  on  which  the  tracing  is  jnaxle. 
Two  such  groups  with  their  communicating  tubes 
form  the  pantograph.  The  lever  of  one  group"ma,y  bo 
made  to  pass  over  a  series  of  curves,  or  to  describe 
circles,  and  so  on,  and  the  movement  will  bo  faith- 
fully reproduced  by  the  lever  of  the  other  group.  By 
means  of  tliis  arrangement  any  figure  may  be  repro- 
duced, in  its  natural  size,  enlarged  or  reduced. 
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rLUIDS  AT  EEST  AND  IN  MOTION:  THE 
MECHANICS  OF  THE  CIRCULATION. 


CHAPTER  XIX. 

HYDROSTATICS. 

The  department  of  physics  winch  has  regard  to 
the  laws  of  force  as  applied  to  fluids  is  termed  Hydro- 
dynamics. This  has  two  subdivisions,  one  of  which 
considers  the  laws  applicable  to  fluids  at  rest  and  is 
termed  Hydrostatics,  the  other  considers  fluids  in 
motion  and  is  termed  Hydro-kinetics. 

A  liqui<1  is  a  body  whose  molecules  attract  one 
another  so  feebly  that  a  slight  force  suffices  to  displace 
them  relatively  to  one  another.  Their  cohesion,  that  is 
to  say,  is  slight.  Gases  are  also  fluid,  but  differ  fi-om 
liquids  in  this,  that  however  the  molecules  of  a  liquid 
be  displaced  relatively  to  one  another,  the  distance 
between  the  various  molecules  is  always  the  same, 
consequently  the  liquid  does  not  expand,  and  main- 
tains, as  a  rule,  a  constant  volume,  while  the  mole- 
cules of  gas  vary  in  their  distance  from  one  another. 
Gas  is,  therefore,  expansible,  and  alters  its  volume 
with  every  alteration  of  pressure.  A  liquid,  therefore, 
owing  to  the  easy  displacement  of  its  molecules,  alters 
its  form  to  suit  any  vessel  in  which  it  may  be  con- 
tained. Experiments  have  shown  that  liquids  are 
almost,  but  not  quite,  incompressible.  On  removing 
the  pressure,  however,  a  liquid  returns  to  its  original 
volume  and  is  thus  perfectly  elastic.    The  instrument 
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by  which  the  compressibility  is  measured  is  called  a 
piezometer. 

Transmission  of  pressm-e  by  liquids. — 

Pascal's  law. 

The  law  or  principle,  first  enunciated  by  Pascal,  is, 
that  in  a  liquid,  -pressure  exerted  ii-pon  any  point  of  its 
mass  is  transmitted  equally  in  all  directions  ;  and  the 
pressure  is  at  all  times  perpendicular  to  the  surface 
on  Avhich  it  is  exercised.  Thus,  STippose  a  mass  of 
liquid,  pressed  upon  by  a  piston  at  A  (Fig.  92).  Suppose, 
also,  in  the  interior  of  the  mass  of  liquid  a 
molecule  m,  one  of  the  infinite  number  of 
molecules  of  which,  it  may  be  conceived, 
the  liquid  consists ;  then  if  the  molecule 
M  retains  its  equilibrium  when  pressure 
is  exei'ted  at  A,  it  mu.st  be  because 
the  tendency  of  M  to  move  is  resisted  in  Pig-  92.— 
every  direction  by  the  pressure  exerted  '^t'^-pie&sT^e^ 
upon  it  by  the  surrounding  molecules.  The 
piston  presses  upon  the  molecules  of  the  mass  of  liquid 
in  immediate  contact  with  it;  these,  in  turn,  press 
upon  the  neighbouring  molecules,  and  thus  the  pi'es- 
sure  is  transmitted  to  the  walls  of  the  vessel,  which 
re-act  upon  the  molecules  with  a  force  equal  to  their 
own.  Thus  the  pressure  exerted  at  A  is  transmitted 
equally  in  all  directions  throughout  the  fluid,  and 
each  molecule  of  the  fluid  is  equally  pressed  in  all 
directions. 

An  important  application  of  this  principle  is  illus- 
trated in  Fig.  93.  A  closed  vessel  of  water  abcd  has, 
in  its  upper  wall,  an  opening  pq,  in  which  is  fitted  a 
piston  p.  A  piston  of  the  .same  size  p'  is  fitted  on  one 
side,  and  one  of  double  the  size  p"  on  tlie  other  side.  If 
a  force  be  exerted  at  p,  by  the  law  already  announced 
it  is  transmitted  equally  in  all  dii-ections,  and  will, 
consequently,  act  with  undiminished  strength  upon  p' 
and  p".    If,  therefore,  p  be  pushed  in  with  a  given 
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force,  the  force  will  act  upon  p'  and  p"  to  push  them 
out.  The  area  of  p'  {jp'q)  being  the  same  as  that  of  p, 
the  force  exerted  upon  it  will  be 
the  same  in  amount  as  that  acting 
on  p,  but  ah  being  twice  the  area 
of  p,  the  force  acting  on  p"  will 
be  '.doubled.  Thus  the  amount  of 
the  force  exerted  upon  any  surface 
in  a  liquid  under  pressure  is 
Fig.  93.  —  Trausmis-  proportional  to  its  extent. 

sion  of  Pressiu-e  i 

iiiEeiationtoBs-  The  Iiydraulic  press,  made 
tent  of  Suiface.  Bramah  in  1796,  embodies  these 
principles.  Two  cylinders  of  different  diameter  com- 
municate by  means  of  a  transverse  tube.  In  each 
cylinder  is  fitted  a  piston.  Suppose  the  large  cylin- 
der to  be  twenty  times  the  diameter  of  the  small, 
then  a  weight  of  1  pound  on  the  small  piston  will 
require  a  Aveight  of  20  pounds  on  the  large  piston 
to  maintain  equilibrium  ;  and  if  less  than  twenty 
pounds  be  placed  on  the  large  piston  it  will  be  moved 
upwards.  Thus  a  small  weight  at  one  side  of  the 
arrangement  is  capable  of  lifting  a  large  Aveight  at  the 
other.  It  is  easily  seen,  however,  that  what  is  gained 
by  this  arrangement  in  amount  of  force  is  lost  in 
extent  of  movement,  for  if  the  small  piston  be  moved 
downward  for  a  distance  of  one  foot  the  large  piston 
will  be  moved  upward  only  the  -^j^  of  a;  foot.  Tlie 
Bramah  press  consists  of  a  small  pump  which  forces 
water  through  a  pipe  into  a  large  cylinder  in  which  is 
fitted  a  large  piston.  The  water  forces  up  the  piston, 
which  carries  a  cast-iron  plate.  Goods  may  be  laid 
on  this  plate,  and  by  the  upward  movement  of  the 
piston  they  are  pressed  against  a  second  plate  fixed 
above.  If  the  large  piston  be  fifty  or  a  hundred 
times  the  cross  section  of  that  of  the  piimp,  then  the 
force  of  the  small  piston  is  increased  fifty  or  a  hundred 
times,  and  is  further  multiplied  by  the  pump  bemg 
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worked  by  a  lever.  Of  course  the  upward  movement 
of  the  press  is  correspondingly  slow. 

It  arises  further  from  the  principle  of  Pascal 
that  the  pressure  exerted  on  the  bottom  of  a  vessel 
depends  upon  the  extent  of  surface  of  the  bottom  of 
the  vessel,  and  the  height  of  the  liquid  column  which 
it  supports.  Thus,  let  ab'c'  (Fig.  94)  be  a  glass 
vessel  with  the  tube-shaped  portion 
AA',  and  let  it  be  filled  with  some  Bi'""fiiA>c 
liquid.  Consider  the  area  he  of  the 
bottom  of  the  vessel.  It  is  manifest 
that  it  sustains  not  only  the  pressure 
of  the  column  of  liquid  a'5c,  but  of 
the  column  aa'  as  well,  so  that  its 
pressure  is  conditioned  by  its  area  Fig.  M.  —  Hy- 
he,  and  the  height  of  the  column  ^^°^t-tic  Para- 
of  liquid  it  supports,  viz.  Ac.  But 
by  Pascal's  law,  the  column  aa'  transmits  its 
pressure  equally  in  all  directions,  and  not  only, 
therefore,  on  the  small  section  of  the  bottom 
5c,  but  on  the  whole  bottom  b'c'.  So  that  every 
portion  of  the  surface  b'c'  of  area  equal  to  he  bears 
not  only  the  pressure  of  the  liquid  column  up  to  the 
level  of  a',  but  also  the  pressure  of  the  column 
aa'.  Thus  the  i^ressure  on  the  bottom  b'c'  is  equal 
to  the  pressure  of  a  column  of  liquid  whose  base  is 
equal  to  b'c',  and  whose  height  is  equal  to  Ac  ;  and  so 
the  pressure  on  b'c'  is  as  great  as  it  would  be  if  the 
vessel  had  had  the  shape  bb'c'c,  the  shape  indicated 
by  the  dotted  lines.  Thus  the  pressure  on  the  bottom 
of  a  vessel  is  indejoenclent  of  the  shape  of  the  vessel, 
but  is  determined  by  the  area  of  the  bottom,  and  the 
height  of,  the  cohimn  of  liquid  it  supports. 

This  must  not  be  misunderstood.  If  two  vessels, 
one  represented  by  bb'c'c  (Fig.  94),  and  the  other  repre- 
sented by  ab'c',  were  filled  with  water,  the  pressure 
on  the  bottom  of  each  would  be  the  same ;  but  if  they 
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were  compared  in  the  scales  of  a  balance,  the  weights, 
that  is,  the  pressure  communicated  to  the  scale,  would 
be  difterent,  the  former  being  heavier  than  the  other 
by  the  amount  of  fluid  enclosed  by  the  walls  of  the 
vessel  represented  by  the  dotted  lines.  This  is  called 
the  HYDROSTATIC  PAnADOX.  It  is  to  be  noted  that 
the  pressure  communicated  to  the  pan  of  the  balance 
is  not  merely  the  pressure  on  the  bottom  of  the 
vessel,  but  is  the  resultant  pressure  for  the  whole 
vessel.  Thus  in  the  vessel  ab'c'  there  is  exerted 
on  the  upper  surface  of  the  wide  portion  of  the 
vessel,  outside  of  ad,  an  upward  pressure  every- 
where equal  to  the  height  of  the  column  aa'. 
This  upward  pressure  is  equal  to  the  doionward 
pressure  that  would  be  exerted  by  the  additional 
quantity  of  liquid  contained  if  the  vessel  were  of  _  the 
shape  bb'cc'.  Therefore  the  pressure  trammitted 
to  the  scale  by  a  vessel  of  the  latter  shape  would 
exceed  that  of  a  vessel  shaped  like  ab'c'  by  the  amount 
of  this  dowmoard  pressure,  which  a  vesssl  shaped  like 
ab'c'  transmits  upwards. 

In  estimating  the  pressure  on  a  given  surface  on 
the  side-  of  a  vessel,  the  centre  of  gravity  of  the  given 
portion  of  the  surface  is  obtained,  and  the  height  of 
the  column  of  liquid  is  taken  from  this  point. 

The  upward  pressiu'c  spoken  of  is  also  in  ac- 
cordance Avith,  and,  indeed,  ofiers  another  proof  of, 
Pascal's  law.  It  is  illustrated  by  a  very  simple 
experiment.  A  glass  vessel  is  nearly  filled  with 
water.  A  glass  cylinder,  open  at  both  ends,  is  taken, 
and  a  disc  of  cardboard  is  cut  of  sufiicient  size  just 
to  close  one  end.  A  thread  is  attached  to  the  middle 
of  the  cardboard,  by  means  of  which  the  disc  is  held 
in  position  against  one  end  of  the  tube.  This  end  is 
now  immersed  in  the  vessel  of  water,  and  the  up- 
ward pressure  of  the  water  retains  the  disc  in  position 
without  further  use  of  the  thread.    Push  tlie  cylinder 
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well  down  iiito  the  water,  and,  holding  it  vertically, 
proceed  to  pour  water  into  it.  The  disc  will  continue 
to  close  the  end  of  the  cylinder  against  the  downward 
pressure  of  the  water  being  poured  into  it,  until  the 
water  inside  the  cylinder  reaches  the  same  level  as 
the  water  outside,  and  then  the  disc  sinks  away.  This 
shows  that  the  disc  was  retained  in  position  by  an 
upward  pressure  yielded  by  a  column  of  water  whose 
base  was  the  area  of  the  disc,  and  whose  height  was 
the  distance  between  the  disc  and  the  level  of  the 
fluid  outside  of  the  cylinder. 

E<|iijlibi-ium  of   liquids  in  coinniiinica- 
tiiig-  vessels — A  further  deduction  from  Pascal's 
principle  declares  that  where  a  series  of  vessels,  com- 
municating with  one  another,  are  filled  with  the  same 
liquid,  equilibrium  can  only  exist  if  the  liquid  stands 
at  the  same  height  in  each  vessel,  that  is,  if  the  /re« 
sitrjace  of  the  liquid  in  each  vessel  is  in  the  same  hori- 
zontal plane.    This  is  readily  understood  from  what 
has  been  already  said.      Let  c  and 
B  (Fig.   95)    be   two    vessels  com- 
municating with  one  another  by  the 
tube  A.   Now,  in  order  that  the  mole- 
cules of  the  fluid  in  the  tube  a  may 
be  at  rest,  they  must  be  submitted 
to  the  same  force  from  tiie  directions 
E  and  c.     If  the  force  from  the  end 
c,  for_  example,    predominates,  the 
fluid  in  A  would  move  towards  b. 
In  order  tliat  tlie  pressure  may  be 
the  same  at  each  end,  the  height  of  tlie 
column  of  liquid  at  each  end  nuist  be  the  same.  In 
the  .same  way  any  number  of  vessels  might  be  com- 
municated with  B  and  c,  of  any  diamet(-r  and  shape 
equihbrmm  is  only  estal)lislied  wlum  the  level  of  the 
fluul  IS  the  same  in  each.     If  the  equilibrium  be 
overthrown,  for  instance,  by   the  addition  of  more 
N— 7 


Fig.  95.  —  Equili 
briiim  of  Liqiiiils 
in  communicaliuj,' 
Vessels. 
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fluid  to  one  vessel,  tlien  a  movement  will  take  place 
through  the  .comnumicating  tube  for  the  re-establish- 
ment  of  equilibrium. 

The  rule  that  the  free  surfaces  must  be  m  the  same 
"horizontal  line  only  applies  when  it  is  the  sanie 
liquid  that  fills  all  the  communicating  vessels.  it 
liquids  of  different  densities  are   poured   mto  the 
vessels/then,  provided  they  do  not  mix,  the  heights 
of  the  different  fluids  above  the  surface  of  contact 
^vill  be  in  the  reverse  ratio  of  their  densities.  Increased 
density  means  increased  pressure,  and  consequently  a 
column  of  the  denser  liquid  of  less  size  will  exert  the 
same  pressure  as  a  higher  column  of  the  less  dense 
liquid     This  gives  a  means  of  calculating  the  density 
of  a  liquid.    The  height  of  one  liquid  multipbed  into 
its  density  will  be  equal  to  the  height  of  the  other 
liquid  multiplied  into  its  density.    Let     stand  for 
the  height  in  inches  of  the  column  of  one  liquid,  and 
///  the  height  in  inches  of  the  other,  and  let  d  and  d 
represent  the  two  densities  ;  then 

h  X  d  =  h'  y  cV  or  rf  =   ^  - 

111  the  circulation  of  the  blood  the  sig 

nificance  of  the  principle  of  the  last  paragraph  has 
Ten  poiirted  out.'  The  system  of  blood-vessels  m  an 
miimal  is  a  system  of    communicating  vessels  con- 
tailSnc  a  single  fluid.     The  tendency  is,  therefore, 
for  tiat  fluid^o  to  distribute  itself  throughout^  the 
visels  as  to  bring  about  a  condition  o  eqndibrinm 
But  opposed  to  this  equalising  tendency  is  the  inter 
niifctZ^action  of  the  heart,  which  disturbs  tli.  equi- 
S  ium  at  one  end  of  the  series  of  vesse  s,  as  it  were 
T   meet  this  disturbance,  a  ^ow  takes  place  again  n 
the  direction  of  restoration,  and  so  on.    As  a  le^u  t 
of  this  constant  effort  after  equilibrium,  and  periodic 
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disturbance  of  it,  a  continuous  flow  takes  place  from 
one  end  to  the  other  of  the  series  of  vessels. 

The  principle  of  Ai-cliiniodes.  —  When  a 
solid  body  is  immersed  in  a  liquid,  in  accordance  with 
Pascal's  law  the  liquid  exerts  pressure  upon  it  in  all 
directions,  and  the  pressure  at  each  point  of  its  sur- 
face will  be  equal  to  the  column  of  liquid  above  the 
point.  Thus,  the  body  abcd  (Fig.  96)  plunged  in 
the  liquid  is  pressed  on  every  side.  Sup- 
pose it  to  be  a  cube,  then  it  is  evident 
that  the  pressures  on  the  four  sides  of 
the  cube  being  directed  perpendicularly 


 J   [1^3^  ^  ,, 

to  the  surfaces,  equalise  one  another,  Fig.  ge.-Tbe 
and  all  that  is  left  for  consideration  P'-'ncipie  of 
is  the  pressure  on  the  upper  surface 
AB,  Avhich  is  directed  doimwards,  and  the  pressure 
on  the  under  surface  CD,  which  is  directed  upwards. 
ihe  downward  pressure  is  equal  to  a  column  of  the 
liquid  whose  base  is  ab  and  whose  height  is  AN,  the 
upward  pressure  is  a  column  whose  base  is  CD  and 
whose  height  is  ex.  These  two  partly  destroy  one 
another.  The  column  abnn  is  common  to  both,  and 
Its  downward  pressure  is,  therefore,  counterbalanced 
by  Its  upward  pressure.  There  remains,  then,  only 
the  difference  between  the  two,  an  uptoard  pressure 
equal  to  a  column  of  water  whose  base  is  CD  and 
whose  height  is  ca  ;  in  other  words,  a  column  of 
water  rejiresented  by  the  cube.  The  body  is  therefore 
pressed  upward  by  a  force  exerted  by  a  column  of  the 
iiqmd  equal  to  the  bulk  of  fluid  which  it  displaces. 
1  he  weight  of  the  body  tends  to  make  it  sink,  and 
to  this  downward  tendency  is  opposed  an  upward 
one  represented  by  the  quantity  of  fluid  .Hsphired 
Ilius  everij  body  phmged  into  a  liqnid  loses  weiqht 
equal  to  that  of  the  displaced  liquid  Suppose  the 
ve.ght  o  the  displaced  liquid  is  just  equal  in 
the  weight  of  the  body,  then  the  body  will  float 
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a  position  of  equilibrium ;  if  the  weight  of  the  dis- 
placed liquid  is  less  than  that  of  the  body,  the  latter 
will  sink,  tlie  downward  exceeding  the  upward  pres- 
sure ;  if  the  displaced  liquid  exceed  the  body  in  weight, 
then  the  body  will  be  forced  upwards  partly  out  of 
the  water,  till  the  quantity  of  displaced  water  is 
reduced  to  equal  the  weight  of  the  body. 

Centre  of  gravity   and  metacentre — A 
floating  body  is  thus  under  the  action  of  two  forces  ; 
one,  the  force  of  gravity  acting  through  the  centre  of 
o-ravity  urging  the  body  downwards;  the  other,  the 
force  of   the  displaced  water  acting  through  what 
would  be  its  centre  of  gi'avity,  called  the  centre  of 
buoyancy,  urging  tlie  body  upwards;  and  these  two 
forces  are  equal.    When  the  body  floats  in  stable 
equilibrium  the  two  forces  are  opposed,  that  is,  the  two 
centres  are  in  the  same  vertical  line.    If  the  floating 
body  being  of  irregular  form,  move  to  one  side,  the 
amount  of  the  liquid  displaced  by  it  will  be  difl-erent, 
and  consequently  th«  centre  of  buoyancy  will  be 
different.    If,  nolv,  a  vertical  line  be  dra^^^l  through  this 
new  centre  of  buoyancy  and  be  continued  to  meet  what 
was,  before  the  new  position,  the  vertical  through  the 
centre  of  gravity,-  the  point  of  intersection  marks  what 
is  called  the  metacentre.    The  position  of  this  is  of 
Ki-eat  moment,  for  when  the  metacentre  is  above  the 
centre  of  gravity,  the  upward  force  of  buoyancy  and 
the  downward  force  of  gravity  act  in  a  way  to  restore 
the  equilibrium  of  the  body.     When  the  metacentre 
is  below  the  centre  of  gravity,  the  tendency  is  to  in- 
crease the  displacement.    The  former  is  a  condition  ot 
isiable  and  the  latter  of  Unstable  equilibrium 

Fishes  are  capable  of  moving  towards  the  surface 
or  the  deep  parts  of  water  by  their  means  of  regulating 
the  quantity  of  water  they  displace  that  is,  the  force 
that  urges  them  upwards.  By  a  distension  of  their 
air-baos  the  volume  of  their  bodies  is  increased,  the 
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weight  remaining  tlie  same.  The  upward  force  is, 
therefore,  augmented,  the  downward  being  unaffected. 
So  they  rise.  By  muscuh^r  compression  of  the  air-sac 
the  volume  of  the  body  is  diminished,  and  they  sink. 
Thus,  if  a  fish  in  ajar  of  water  be  placed  under  the 
bell  of  an  air  pump,  and  the  air  exhausted,  the  fish 
will  come  to  the  surface  ;  rupture  of  the  air-sac  will 
occur,  and  on  removing  the  jar  the  animal  will  sink  to 
the  bottom,  and  be  unable  to  float.  It  will  also  be 
unable  to  keep  itself  in  a  proper  position,  the  tendency 
being  for  it  to  turn  on  its  back.  This,  it  is  said,  is 
due  to  the  fact  that  the  equilibrium  of  fishes  is  un- 
stable, the  centre  of  gravity  being  aboye  the  centre  of 
bnoyancy,  the  condition  of  instability  for  completely 
immersed  bodies.  In  animals  that  swim  on  the 
surface  of  the  water  the  conditions  of  instability  are 
also  present,  the  stable  condition  being  maintained  by 
muscular  effort.  Swimming  on  the  back  for  them  is, 
however,  a  condition  of  stable  equilibrium,  for  then 
the  centre  of  gravity  is  below  the  centre  of  buoyancy. 

Specific  grravlty. — The  density,  or  relative  mass, 
of  a  body  is  obtained  by  comparing  the  weight  of  that 
body  with  the  weight  of  the  same  volume  of  a  given 
body  used  as  a  standard.  The  standard  adopted  is 
that  of  water  at  its  maximum  den.sity,  viz.  at  a 
temperature  of  4°  C.  If,  then,  the  weight  of  a 
body  is  obtained,  and  is  compared  with  the  weight  of 
the  same  volume  of  water  at  9,  temperature  of  4°  C, 
the  specific  gravity  of  the  body  is  obtained.  A  method 
for  determining  this,  accordingly,  is  to  take  the  body 
and  weigli  it.  Let  its  weight  be  represented  by  10. 
Place  the  body  in  tliepan  of  a  balaiice,  and  in  the  same 
pan  place  a  flask  with  a  wide  neck,  to  which  is  care- 
fully fitted  a  ground-glass  stopper.  The  stopper  has  a 
fine  tube  in  connection  with  it,  the  bore  of  tlie  tube 
being  continued  through  the  axis  of  the  .stopper-.  Let 
the  fiask  be  accurately  filled  with  water  up  to  a  mark 
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on  the  tube.  In  the  otlier  pan  of  the  balance  counter- 
poise with  weights  the  flask  with  watei^  and  the  bodj-. 
Then  remove  the  flask  and  place  the  body  inside  of  it. 
It  Avill  displace  from  the  flask  a  quantity  of  water 
equal  to  its  own  volume.  Carefully  dry  the  flask,  see 
that  the  water  is  at  the  same  level  as  before,  and 
weigh  it  again.  This  time  the  weights  in  the  opposite 
pan  will  be  too  much,  because  a  certain  amount  of 
water  has  been  displaced.  The  diminution  in  weight, 
consequently,  will  indicate  the  weight  of  water  dis- 
placed by  the  body,  that  is,  the  weight  of  a  mass  of 
water  whose  volume  is  equal  to  the  volume  of  the 
body.  Let  this  diminution  be  represented  by  2-5.  Tlie 
original  weight  of  the  body  was  10,  the  weight  of  a 

quantity  of  water  of  equal  volume  is  2  5,  then  = 

4  =  the  specific  gra\'ity  of  the  body. 

Similarly  the  specific  gravity  of  a  liquid  could  be 
obtained.  This  requires  a  flask,  the  upper  part  of 
which  is  drawn  out  into  a  flne  tube.  The  flask  is 
placed  in  a  balance  and  counterpoised.  It  is  then 
filled  with  water  up  to  a  mark  on  the  tuie  tube.  The 
additional  weights  required  give  the  weight  of  the 
water.  The  water  is  then  removed  and  the  liquid 
placed  in  the  flask  up  to  the  same  mark,  and  the  weights 
it  requires  determined.  Thus,  the  weights  of  equal 
volumes  of  water  and  of  the  liquid  are  obtained,  and  the 
latter  divided  by  tlie  former  gives  the  specific  gravity. 

The  principle  of  Archimedes  indicates  other  methods 
for  readily  determining  the  specific  gravity. 

The  Isydrostalic  balawcc  is  one  of  these 
methods.  Any  ordinary  balance  will  suit  the 
purpose.  Let  it  be  raised  on  a  stand,  and  suspend 
ijy  a  thread,  or  flne  wire,  from  ona  of  the  pans  the 
body  whose  sp.  gr.  is  to  be  measured.  Counter- 
poise with  weights  in  the  otlier  pan,  and  so  find 
the  weight  of  the  body  in  air.    Then,  under  the  pan 
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to  which  the  body  is  suspended,  pUice  a  vessel  with 
water,  and  allow  the  body  to  hang  in  the  water.  The 
body  will  displace  its  own  volume  of  water,  and  will 
be  pressed  upwards  by  the  weight  of  that  amount  of 
water.  The  body  will,  therefore,  lose  weight  to  this 
extent.  By  the  balance  the  weight  of  the  body  ni 
water  is  now  estimated,  and  it  will  be  equal  to  the 
weight  of  the  body  in  air,  less  the  weight  of  a  quantity 
of  water  equal  to  its  own  volume.  Thus,  we  have  the 
weight  of  the  body  in  air,  and  we  have  the  weight  of 
an  equal  volume  of  water,  the  loss  of  weight,  namely, 
experienced  by  the  body,  and  the  relation  of  these  two 
gives  the  specific  gravity.    Thus  : 

WeiK'lit  in  air  . 

speciuc  gravity ; 


weight  in  air —  weight  in  water 
weight  of  equal  volxune 
of  water) 


or,  to  put  it  in  symbols, 

_ 

Wa-Wto  ~ 

This  method,  it  is  observed,  is  applicable  only  to  solid 
bodies  not  soluble  in  water. 

It  is  worthy  of  remark  that  if  French  weights 
are  employed  (grammes)  the  process  that  has  been 
performed  indicates  not  only  the  specific  gravity  of  the 
body,  hitt  also  its  volume.  Since  one  cubic  centi- 
metre of  water,  at  standard  temperature,  weighs  one 
gramme,  if  the  solid  body  weighed  in  water  is  found 
to  di.splace  ten  grammes  of  water,  that  means  its 
volume  is  equal  to  ten  cubic  centimetres. 

Precisely  the  same  method  is  applicable  to  liquids. 
From  the  pan  of  a  balance  is  suspended  a  solid  body, 
not  attacked  by  water  or  the  li(piid  to  1)0  exauiined, 
and  its  weight  is  accurately  counterbalanced.  The 
body  is  now  allowed  to  hang  in  water,  and  it  being 
preased  upward  by  the  volume  of  water  it  displaces, 
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the  balance  is  disturbed.  E.estore  it  accurately  by 
weights  placed  in  the  pan  to  which  the  body  is  sus- 
pended ;  these  weights  represent  the  Aveiglit  of .  the 
displaced  volume  of  water.  Let  the  weight  be  repre- 
sented by  2.  Plunge,  next,  the  same  solid  body  in  tlie 
liquid  to  be  examined  ;  find,  as  before,  what  weights 
are  required  to  restore  the  balance  ;  this  gives  the 
weight  of  the  same  volume  of  the  displaced  liquid  as  of 
the  water,  and  let  it  be  repi'esented  by  3.  Thus  the 
weights  of  the  two  equal  volumes  of  water  and  of  the 

3 

other  liquid  can  be  immediately  compared  :.  -  =  1  "5. 

It  is  to  be  observed  that  the  general  principle  of 
these  methods  is  the  comparison  of  the  weight  of  the 
body  with  the  weight  of  an  equal  volume  of  water. 
Special  adaptations  must  be  made  Avhen  the  body 
is  soluble  in  water.  A  very  simple  method,  for  which 
only  one  Aveighing  is  required,  has  been  recently 
devised  by  Dr.  J.  J.  Dobbie  and  Mr.  Hutcheson, 
of  the  Chemical  Laboi'atory,  Glasgow  University.  A 
tube  is  taken  of  a  bore  similar  to  that  of  an  ordinary 
burette.  At  its  lower  end  is  united  a  tube  of  fine 
bore,  the  two  forming  a  U  tube.  In  the  middle  of 
the  wide  tube  a  zero  mark  is  placed,  and  the  fine 
tube  is  marked  off  into  cubic  centimetres.  Let  water 
be  placed  in  the  tubes  up  to  the  level  of  the  zero  line. 
Then  droji  in  the  solid  body  whose  sp.  gr.  is  to 
be  determined,  its  weight  in  air  in  grammes  having 
previously  been  determined.  It  will  disijlace  some 
water,  which  will  rise  above  the  zero  line.  The  top 
of  the  wide  tube  is  now  closed  with  an  accurately 
fitting  indiambber  cork,  connected  with  a  stop-cock. 
The  cock  is  opened,  and  by  blowing  through  it  the 
level  of  the  liquid  in  the  wide  tube  is  depressed  below 
the  zero  line.  The  level  is  now  permitted  to  rise 
till  it  is  exactly  at  the  zero  line,  and  the  stop-cook 
is  closed,     in  du;  narrow  tube  there  is  now  read  off 
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tlie  voliniie  of  water  in  c.c.  displaced  by  the  solid 
body.  But  each  c.c.  =1  gramme,  and,  therefore,  one 
obtain.s  at  once  the  weight  of  water  displaced  equal 
to  the  volume  of  the  solid  body,  and  the  sp.  gr. 
of  the  body  is  at  once  ascei-tained  by  dividing  its 
weight  in  air  b)^  the  weight  of  the  displaced  volume 
of  liquid.  If  the  body  is  soluble  in  water,  take  some 
liquid  in  which  it  is  not  soluble,  and  put  this  liquid 
into  the  tube.  Then  proceed  as  before.  The  volume 
of  the  displaced  liquid  is  the  same  as  that  of  water 
would  be.  Therefore,  the  number  of  c.c.  displaced 
gives  at  once  the  weight  in  grammes  of  a  volume  of 
water  equal  to  the  volume  of  the  solid  body,  and  the 
calculation  may  be  completed  at  once.  The  method 
is  applicable  to  any  solid,  if  only 
the  tubes  be  tilled  with  a  liquid 
in  which  the  body  is  insoluble. 

Hydrometers,  or  a,reo- 
iiieters,  are  instruments  designed 
for  readily  indicating  the  specific 
gravity  of  a  body.  Nicholson's 
hydrometer  is  sliown  in  Ficr.  'J 7 
it  consists  of  a  hollow  metallic 

cylinder  ab,  which  is  made  to  float 

by  the  weight  of  an  attaclied  cone 

EF.     The  cylinder  carries  at  its 

upper  end  a  tliin  stem  whicli  bears 

a  metallic  disc  CD.  The  instrument 

is  inmiersed  in  water,  and  weights 

are  placed  on  the  disc  sufficient  to 

bring  the  hydrometer  down  in  the 

water  to  the  level  of  a  mark  o  on 

the  stem.   The  body  whose  specific 

gravity  is  to  be  determined  is  now  placed  on  tlie  disc. 

Its  weight  brings  tlie  hydrometer  lower  in  tlie  water ; 

weights  are,  therefore,  taken  off  till  the  instrument  is 

at  its  former  level.    The  weights  removed  give  the 
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weiglit  of  the  body  in  air.    The  solid  body  is  then 
transferred  to  the  lower  cone  of  the  instrument,  whose 
upper  surface  is  flat  for  this  purpose.    Tlie  water  is 
no  longer  at  the  mark  on  the  stem,  since  the  mstru- 
ment  is  lighter  by  an  amount  represented  by  the 
water  displaced  by  the   body.     The    weights  put 
on  to  bring  the  hydi-ometer  to  the  level  of  the  mark 
crive   the    weight    of    the    displaced    water  whose 
volume  is  equal  to  that  of  the  solid   body.  The 
weight  of  the  body  in  air  divided  by  the  weight 
of  the  displaced  water  is  the   specific   gravity  of 
the  body.     For  measuring  the  specific  gravity  ot 
liquids  Nicholson's  hydrometer  may  be  used  in  a  way 
similar  to  the  hydrostatic  balance.     Thus  the  hydro- 
meter is  immersed  in  water  and  loaded  till  brought 
down  to  the  mark  on  the  stem.    The  weight  of  the 
instrument  and  the  weights  which  it  carries  m  the 
pan  are  equal  to  the  weight  of  the  volume  of  water 
it  displaces.     Immerse  it  now  in  the  liquid  to  be 
examined,  and  load  it  again  till  it  is  doNvn  m  the 
liquid  to  the  proper  level.    Again  the  weight  of  the 
instrument  and  the  weights  in  the  pan  are  equal  to  tlie 
weight  of  the  volume  of  liquid  it  displaced.     In  both 
cases  the  volumes  are  the  same;  theretore,  the  latter 
result  divided  by  the  former  gives  the  specific  gravity. 
In  other  words,  the  weight  of  the  instrument  being  in 
both  cases  the  same,  the  amount  of  weight  m  the  pan 
on  the  second  trial,  divided  by  the  amount  on  the 
first,  is  the  required  specific  gravity.    The  estimation 
of  the  specific  gravity   of  liquids  in  this  way  is 
better  performed  by  the  hydkomktek  ofFaheenhk  t 
which  is  made  of  glass  so  as  not  to  be  attacked  by 
the  liquids  iu  which  it  is  immersed.     It  is  ot  siuulai 
ap  To  Nicholson's,  the  hollow  cylinder  being  formed 
of  crlass  blown  out  to  the  proper  shape  and  size  and 
tng  continuous  below  with  a  small  bulb  containing 
mercury,  for  maintaining  the  vertical  position.  No 
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lower  surface  for  carrying  bodies  is  needed  here. 
The  stem,  rising  from  the  blown-out  part,  carries  a 
plate  for  weights,  a,s  in  Nicholson's  hydrometer. 

These  hydrometers  are  of  constant  volume,  hut  of 
variable  iceiglit,  because  they  are  always  immersed  to 
the  same  depth,  and  displace  always  the  same  volume 
of  licjuid,  the  weights  being  altered  to  accomplish  this. 
Another  type  of  hydrometer  is  the  reverf^e  of  these,  of 
constant  iveight,  but  variable  volume,  where  the  instru- 
ment is  always  loaded  to  the  same  extent,  and  the 
s|jecific  gravity  of  difl'erent  fluids  is  indicated  by  the 
depth  to  which  tlie  instrument  sinks.  If  a  hydrometer 
of  this  kind  is  put  into  water  it  sinks  to  a  mark 
on  the  stem.  It  must  sink  to  the  indicated  extent 
before  it  displaces  sufficient  water  to  give  an  upward 
pressure  equal  to  the  weight  of  the  instrument. 
If  it  is  now  put  into  a  fluid  of  less  specific  gravity 
it  will  sink  farther,  because  the  same  volume  of  this 
fluid  does  not  create  sutficient  upward  pressure,  and  a 
greater  volume  is  required.  If  put,  on  the  otlier 
hand,  into  a  fluid  of  greater  density,  the  same  ^•olume 
of  this  fluid  gives  rise  to  a  greater  upward  pressure 
than  the  weight  of  the  hydrometer ;  consequently 
the  instrument  rises  for  some  distance 
higher  out  of  the  water  than  the  mark, 
because  a  diminislied  volume  gives  the 
required  upward  force.  Such  an  instru- 
ment is  shown  in  Fig.  98.  It  is  made 
of  a  glass  tube,  one  part  being  blown 
out,  and  terminated  by  a  small  bulb 
containing  mercury.  On  immersing  it 
in  a  li(|uid  it  floats  upright,  having  sunk 
to  a  distance  that  can  be  read  off  by  ''''^j.^'ft"?""" 
means  of  the  marks  on  the  stem,  tlie 
distance  varying  -  with  the  density  of  the  liquid. 
The  graduation  of  the  instrument  niust  be  performed 
empirically,  however.     Thus,  let  such  an  instrument 
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be  so  loaded  that  when  immersed  in  distilled  water 
it  sinks  to  the  level  of  a  mark  placed  near  the 
extremity  of  the  stem.  Call  this  zero.  Then  let 
a  solution  be  made  of  15  parts  of  salt  in  85  parts 
of  water,  both  by  weight,  and  immerse  the  instru- 
ment in  the  solution.  Mark  15  at  the  level  to  which 
it  sinks.  Provided  now  that  the  stem  is  quite 
regular,  the  space  between  zero  and  15  may  bo 
divided  into  equal  parts,  and  this  regular  marking 
may  be  continued  down  the  stem,  say  to  100.  Each 
subdivision  ought  to  represent  an  equal  volume.  To 
the  instrument  so  made  the  name  salimeter  is 
applied,  because  it  will  give  the  density  of  any  saline 
fluid  in  relation  to  that  of  distilled  water.  For  fluids 
lighter  than  water  the  hydrometer  is  so  loaded  that  in 
distilled  water  the  surface  of  the  water  is  only  up  to 
a  level  with  the  bottom  of  the  stem,  which  is  marked 
0.  Thus  in  Gay-Lussac's  centesimal  alcoholi- 
METER,  zero  is  at  the  bottom  of  the  stem,  the  level  of 
distilled  water.  In  pure  alcohol  the  alcoholimeter 
sinks  to  the  top  of  the  stem,  which  is  marked  100. 
Other  marks  down  the  stem  indicate  the  level  of 
liquid  containing  difi'erent  percentages  of  alcohol  and 
water,  the  levels  having  been  determined  by  experi- 
ment with  each  instrument. 

The  densimeter  of  Rousseau  is  of  great  value 
in  scientific  work,  afibrding  as  it  does  a  means  of 
estimating  the  density  of  a  fluid  of  which  only  a  small 
quantity  may  be  available.  It  is  shown  in  Fig.  99. 
The  stem  a  is  divided  off  by  marks  into  mtervals, 
which  correspond  to  equal  volumes ;  e.g.  -j^oth  of  a 
cubic  centimetre.  The  stem  carries  a  little  tube  c 
into  which  is  placed  one  cubic  centmietre  of  the  fluid 
to  be  measured.    The  method  is  as  follows  : 

The  densimeter  is  placed  in  distilled  water  at  tour 
dec^rees  centigrade,  and  into  the  tube  c  is  placed  one 
cubic  centimetre  of  distilled  water.    This  makes  it 
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iloat  at  zero  on  the  scale.  The  water  is  now  removed 
from  the  tube,  and  in  its  place  is  poured  one  cubic 
centimetre  of  the  liquid  whose  density  is  to  be 
determined.  The  one  cubic  centimetre  is  ^ 
measured  in  both  cases  by  means  of  a 
little  pipette  p,  the  markings  (1 — 0)  on 
whose  stem  indicate  the  volume  of  one  cubic 
centimetre.  The  fluid,  being  denser  than 
water,  will  sink  the  densimeter.  Let  the 
reading  be  taken.  Suppose  it  be  fifteen  ; 
that  is,  it  displaces  j-L'^-ths  of  a  cubic 
centimetre  of  water  more  than  the  distilled 
\\  ater,  -w  hich  is  taken  as  unity.  As  each 
cubic  centimetre  ecjuals  one  gramme,  this  ^ 
means  that  the  liquid  is  jVo^hs  heavier  ^'s?m?i;7r"™f 
than  the  water,  which  equals  1  ;  that  is,  its  i^o"^^'"'"- 
density  is  1  -15. 

In  practical  medicine  densimeters  are  in 
constant  employment.  Thus  one  densimeter  is  con- 
structed for  urine,  and  is  called  a  urinometer,  and 
another  for  milk,  which  is  termed  a  lactometer.  The 
urinometer  sinks  in  distilled  water  to  the  top  of  the 
stem,  which  is  marked  1,000,  and  at  corresponding  in- 
tervals down  the  stem  are  marked  1,005,  1,010,  1,015, 
1,020,  and  so  on.  The  specific  gravity  of  urine  is  on 
an  average  1  -025,  and,  therefore,  in  urine  the  urinometer 
should  stand  at  the  level  1,025.  Now  the  value  of  the 
determination  of  the  specific  gravity  is  not  so  much 
in  obtaining  the  absolute  amount,  as  in  being  able  to 
observe  variations  in  it,  and  relating  these  variations  to 
the  causes  which  jiroduce  them.  Thus,  suppose  an 
average  specimen  of  urine  indicated  a  specific  gravity 
of  1'036,  this  indicates  a  less  proportion  of  water, 
wliich  might  be  due  to  concentration  of  the  urine  or 
to  increased  secretion  of  -solid  matters.  Tn  diabetes 
the  sugar  secreted  at  once  raises  the  .specific  gravity. 
Consequently  with  a  high  specific  gravity  one  would 
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at  once  test  to  find  wlietlier  this  was  the  cause  of  the 
variation.  Again,  albuminous  virine  is  usually  of  ab- 
normally low  specific  gravity,  and  in  consequence  a 
urine  of  specific  gi'avity  of,  e.g.,  1'014,  indicates  the 
necessity  of  testing  for  this  abnormal  constituent. 
The  variations,  then,  of  the  density  of  such  a  fluid 
as  the  urine  give  important  indications  to  the  medical 
practitioner.  It  may  be  noted  that  a  solitai-y  specimen 
of  urine  ought  not  to  be  examined  for  its  specific 
gravity,  as  the  density  will  vary  according  to  the  con- 
ditions of  the  individual  who  passes  it.  The  urine 
passed  during  twenty-four  hours  ought  to  be  collected, 
mixed,  and  the  specific  gravity  of  this  taken. 

The  lactometer,  or  lactodeiisimeter,  is  gra- 
duated for  specific  gravities  varying  from  1-042  to 
1-014. 

The  specific  gravity  of  human  milk  is  1-0203 
cow's        „  1-0324 
„  ,,        ass's         „  1-0355 

The  subjoined  tables  afford  a  means  of  approxi- 
mately estimating  the  quality  of  cow's  milk.  The 
S])ecimen  of  milk  taken  should  be  well  shaken  so  as 
mix  the  cream  thoroughly,  and  air  bubbles  should  be 
removed.  Then 

A  specific  gravity  of  1-033  to  1-029  indicates  pure  milk. 

„  „         1-029  „  1-026       „       10  per  cent,  of 

„  „  1-026  „  1-023       „       20    added  water 

1  023  „  1  020  „  30  „  „ 
1-020  „  1-017  „  40  „  „ 
1-017  „  1-OU       „       50       „  „ 

If  the  cream  has  been  previously  removed  the  specific 
gravity  of  pui'e  milk  ought  to  be  1  -037  to  1  -033. 

A  specific  gravity  of  1-033  to  1-029  indicates  10 
per  cent,  added  water,  and  every  -003  below  this  an 
additional  10  per  cent,  water. 
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The  specific  gravity  of  human  blood  is  1-Oo5 

blood  serum  ,,  1-027 

saliva  „  1-OOG 

„           Mle  „  1-026 
„          „           the  aqueous 
humour  of  tlie 

eye  „  1-005 

„          „           gastric  juice  „  1-005 

„          „           muscle  „  1-060 

„           „           tendon  „  1-125 

,,                       nerve  „  1-040 

brain  „  1-030 

bone  „  1-975 


CHAPTER  XX.  -^;^^//J;c.M\Y>> 

HYDRODYNAIIICS — FLUIDS  IN  MOTION. 

Principle  ''of  Torricelli. — Suppose  a  liquid 
flowing  freely  through  an  opening  in  the  thin  wall  of 
a  reservoir,  by  the  principle  announced  by  Torricelli, 
the  rate  at  which  the  fluid  discharges  itself  is  equal  to 
tli.e  velocity  vjJiich  looitld  he  acquired  by  a  body  fa/ling 
freely  through  a  height  equcd  to  the  distance  between 
the  orifice  and  the  surface  of  the  liquid.  The  law  for 
falling  bodies  is,  that  a  body  falling  freely  from  a 
position  of  rest  through  a  certain  distance  acquires  a 
velocity,  determined  by  the  distance  it  has  travelled, 
the  accelerating  action  of  gravity  being  taken  into 
account.  The  precise  formula  is  1;  =  \/'igh,  where  v 
the  velocity  is  equal  to  the  squai'eroot  of  the  accelera- 
tion due  to  gravity  x  2  X  the  distaTice  fallen.  Liquid 
in  a  reservoir  may  be  considered  then  as  consisting  of 
ii  large  number  of  molecules,  and  the  speed  with  which 
th(!  molecules  pass  through  an  opening  in  the  bottoui 
is  the  same  as  they  would  acquire  if  they  fell  from  the 
surface  of  the  liquid  straight  down  lln-ough  the  ojicning. 
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The  same  law  applies  to  an  opening  made  in  the 
side  of  the  vessel,  but  in  this  case  the  distance  through 
which  the  molecules  fall  is  to  be  counted  as  the  height 
of  the  column  of  hquid  from  the  centre  of  the 
opening  to  the  surface  of  the  liquid.  The  fact  that 
the  opening  is  in  the  side  does  not  affect  the  result, 
seeing  that  the  pressure  is  transmitted  equall}'  in  all 
directions.  Thus  frona  an  opening  in  the  side  of  a 
vessel  the  liquid  molecules  are  projected  with  a  velocity 
determined  by  the  height  of  the  liquid  column  above 
the  level  of  the  opening.  The  liquid  so  projected  does 
not  pass  horizontally  outwards,  but  describes  a  para- 
bolic curve,  due  to  the  downward  force  exerted  upon 
it  by  the  action  of  gravity. 

It  is  to  be  observed  that,  according  to  this  principle, 
the  velocity  of  efflux  is  independent  of  the  nature  of 
the  fluid. 

Experiment  proves  the  law  regarding  the  velocity 
of  efflux,  but  not  immediately.  For  were  the  rule 
rigidly  true,  the  quantity  of  liquid  that  escapes  in  a 
unit  of  time  ought  to  be  equal  to  the  velocity/  of  efflux 
X  the  area  of  the  orifice.*  But  experiment  shows  the 
quantity  of  efflux  to  be  only  about  -6  of  this  amount. 
The  reason  of  this,  however,  is  speedily  apparent.  On 
observing  a  flow  of  water  from  a  small  orifice  in  the 
bottom  of  a  reservoir,  the  stream  of  water  is  found  to 
liave  the  shape  represented  in  the  diagram  (Fig.  100). 
Immediately  on  leaving  the  orifice  the  stream  begins  to 
contract,  and  at  last  reaches  a  maximum  of  contniction 
at  a  distance  from  the  oritice  nearly  equal  to  its  dia- 
metev.  After  that  the  liquid  begins  to  divide  into 
diverging  streams,  and  the  streams  into  drops,,  owing  to 
the  feeble  cohesion  between  the  molecules  which  form 
tlie  liquid  permitting  easy  separation  from  one  another. 

*  The  velocity,  we  have  seen,  is  .f2i^i :  the  ai-ea  of  the  orifice  is 
the  square  of  its  radius  x  3-14159  ;  expressed  thus,  (-  - 
3  14159). 
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The  phenomenon  of  contraction  is  called  the  vena 
CONTRACTA,  and  its  cause  is  represented  in  the  diagram. 
The   molecules  vertically  above  the  centre  of  the 
orifice  stream  straight  down  and  pass 
out  by  the  orifice,  but  the  molecules 
at  the  side  follow  a  curved  course  in 
the  endeavour  to  get  into  the  stream. 
The  direction  of  their  motion  can  be 
decomposed    into   the  two  elements, 
one  horizontal  and  the  other  vertical. 
The    horizontal    components    of  op- 
posite sides  oppose  one  another.  It 
is  thus  evident   that   the   molecules  rig.    100.  —  Vena 
not  in  line  with  the  vertical  of  the  Contraota. 
orifice  oppose  one  another,  and  that  they  do  this  the 
more,  the  farther  they  are  removed  fi  om  the  vertical. 
In  consequence,  the  escape  of  fluid  is  opposed,  and  the 
vena  contracta  formed.    Owing  to  this  delay,  then, 
the  quantity  of  efflux  does  not  reach  the  theoretical 
amount.     If,  however,  the  diameter  of  the  contracted 
portion  be  taken  as  the  diameter  of  the  orifice,  the 
results  are  in  harmony  with  the  theory.   Tlie  diameter 
of  the  vena  contracta  ah  is  usually  about  two-t!iirds 
that  of  the  oi-ifice. 

The  normal  quantity  of  efflux  may  be  restored, 
and  the  influence  of  the  vena  contracta  counteracted' 
by  fitting  a  small  tube  to  the  orifice.  If  tlie  tube 
have  a  diameter  equal  to  the  orifice,  and  a  leno-tli 
two  or  three  times  its  diameter,  the  quantity  dis- 
cliarged  m  a  limit  of  time  is  considerably  increased 
I  he  vena  contrncta  is  still  formed,  but  the  fluid 
expandmg  beyond  it,  readies  a  greater  diameter  than 
that  of  the  jet,  owing  to  the  attraction  exerted  on  the 
fluid  by  the  inner  surface  of  the  tube 

I»IaiTi«|te's   botilo  It  is  apparent,    in  the 

case  of  a   reservoir,    that  if   the    vehx'ity   of  out- 
flow is  to  remain  uniform,  the  original  level  of  the 
o — 7 
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fluid  must  be  maintained,  for  instance,  by  a  quantity 
of  water  flowing  in  above  constantly  equal  to  the 
quantity  flowing  out  below.    If,  on  the  other  hand, 
the  supply  be  not  maintained,  and  the  level  be  allowed 
to  fall,  the  outflow  will  at  once  diminish  fari  j)assu. 
By  the  arrangement  known  as  Marriotte's  bottle, 
however,  a  uniform   outflow  is  maintamed  without 
the  need  of  maintaining  the  lowel  of  the  fluid  in  the 
bottle.     Fig.    101  represents    such  a   bottle.  In 
one  side  at  the  lower  part  is  an  exit 
tube.    The  mouth  is  closed  ^vith  a  cork 
pierced  by  a  tube,  both  tightly  fitted. 
The  tube   dips  down  a  considerable 
way  into  the  fluid.    If  the  bottle  and 
the  tube  be  full  of  water,  the  surface 
of  the  water  in  the  bottle  will  bear  a 
pressure  equal  to  the  atmospheric  pres- 
sure and  the  weight  of  the  column  of 
^.i!tte''s -B-otur  -ater  standmg  in  the  tube  above  the 
surface  of  the  water  m  the  bottle,  it, 
now,  h  be  opened,  and  the  water  be  allowed  to  flow 
out  till  it  stands  at  the  same  level  in  bottle  and  tube, 
then  the  water  in  the  bottle  will  be  at  atmospheric 
pressure.    At  h,  accordingly,  the  water  is  pressed  out- 
wards by  a  force  equal  to  that  of  the  atmosphere  + 
the  weight    of   the    liquid    column,    whose  height 
is  from  h  to  the  surface,   and   whose   base  is  re- 
presented by  the  dotted  line  at  h ;  the  water  is 
also  being  pressed  inwards  by  atmospheric  pressure ; 
the  pressure  outwards  being  the  greater,  the  water 
flows  out.    But,  if  the  water  be  allowed  to  flow  out 
tin  all  of  it  has  passed  down  out  of  the  tube  a,  and  air 
bubbles  have  begun  to  rise  up  from  the  tube  a  througli 
tlie  water  to  the  upper  part  of  the  bottle,  then,  a  pressure 
equal  to  that  of  7  column  of  water  whose  height  i 
Se  distance  from  the  lower  part  of  the  tube  «  to 
the  surface  of  the  liquid  has  been  remo^ed  tiom 
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the  surface  of  the  water  in  the  bottle.  The  jiressui-e 
outwards  at  h  is,  accordingly,  the  atmospheric  pres- 
sure —  the  pressure  of  a  liquid  column  from  a  to  the 
surface  -|-  the  pressure  of  a  liquid  column  from  b  to 
the  surface.  The  liquid  column  from  b  to  the 
surface  is  made  up  of  the  column  from  a  to  the  sur- 
face, and  the  column  fi'om  b  to  a.  The  —  and  -f  of 
the  column  from  a  to  the  surface,  therefore,  eliminate 
this  factor,  and  the  result  is  that  tli-e  pressure  at 
h  is  the  atmospheric  pressure  -f-  that  of  the  liquid 
column  between  b  and  a.  This  is  constant  so  long 
as  the  level  of  the  fluid  is  above  a,  and,  therefore, 
for  a  considerable  time  the  outflow  is  of  constant 
quantity.  This  arrangement  of  Marriotte's  will  be 
found  adapted  to  the  frog-heart  apparatus  described 
on  page  2.36. 

Flow  of  liquids  tiiroiig:li  uniform  tubes. 

— The  law  of  Torricelli  is  not  applicable  to  the  flow  of 
fluids  through  tubes.  Into  this,  elements  of  friction 
and  resistance  enter 
which  alter  the  results. 

Let  A  (Fig.  102)  be 
a  reservoir  tilled  with 
water,  and  let  the  hori- 
zontal tube  ab  be  in 
connnunication  with  it 
through  an  opening  o 
at  the  lower  part  of  i02.-riow  of  Liquids  tUi-uu.u 
one   side,    the  velocity 

of  efflu.x  at  the  end  b  does  not  obey  Torricelli's 
law.  The  reason  is  apparent.  The  water  in  its 
course  through  the  horizontal  tube  experiences  re- 
sistance by  its  friction  against  tlie  walls.  The  flui<l 
tends  to  adhere  to  the  walls  of  the  tube,  the  moh^- 
cules  of  the  fluid,  that  is,  that  arc  in  immediate  con- 
tact with  the  walls.  Their  rate  of  How  is  thcn-eby  re- 
tarded, and  the  molecules  str(!!iming  along  the  centre 
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of  the  current  encounter  resistance  by  reason  of  the 
adhesion  of  the  outer  molecules.  Naturally,  the  re- 
sistance due  to  the  friction  along  the  sides  of  the  tube 
■will  depend  on  the  length  of  the  tube.  It  will  be 
greater  the  longer  the  tube,  and  vice  versa.  Thus 
at  the  point  a  (-Fig.  102)  the  resistance  will  be  the 
amount  due  to  the  friction  encountered  along  the 
whole  tube  ab,  at  i  it  will  only  be  the  friction 
to  be  encountered  between  i  and  b,  at  ii  only  that 
between  ii  and  the  outlet,  and  it  is  therefore  a  con- 
stantly diminishing  amount  to  the  outflow  point 
where  the  water  issues  freely,  and  where  the  resistance 
is  consequently  0.  Now  the  friction  exerted  on  the 
sides  of  the  tube  means  pressure,  and  the  deter- 
mination of  this  pressure  will  give  the  amount 
of  resistance.  In  Fig.  102  vertical  tubes  are  seen 
communicating  at  intervals  with  the  horizontal  tube. 
These  being  in  free  communication  with  ab,  the 
water  will  rise  in  them  to  a  height  which,  accord- 
ing to  what  has  been  previously  seen,  will  be  an 
expression  of  the  pressure  exerted  by  the  fluid  upon 
the  walls  of  the  tube  through  which  it  is  flowing. 
These  vertical  tubes  are  thus  measures  of  pressure,  of 
pressure  only  at  the  point  where  they  communicate 
with  the  horizontal  tube.  They  are  called  piezometers. 
On  fllling  up  the  apparatus  shown  in  Fig.  102  it  is 
found  that  the  height  of  the  coluuni  of  liquid  regulai-ly 
diminishes  m  each  tube,  and  is  reduced  to  zero  at  6, 
if  the  outlet  there  is  free.  So  that  a  line  joining  the 
surfaces  of  the  fluid  in  each  tube  takes  up  a  position 
shown  by  the  dotted  line  p  Pi  p^,  etc.,  experimentally 
proving  what  has  been  said  as  to  the  diminution  of 
pressure  onwards  to  the  outlet.  Now  had  the  opening 
at  0  been  a  free  outlet,  the  water  would  have  issued 
from  it  with  a  velocity  determined  by  the  height  of 
the  column  of  liquid  above  it,  that  is,  by  the  pressure 
110,  which  is  called  the  liydroslidic  i>rcssu,re.  The 
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velocity  of  elHux  at  5,  however,  is  less  than  tliis,  he- 
cause  much  of  that  pressure  has  been  lost  in  over- 
coming the  resistance  clue  to  friction.  The  total  re- 
sist:ince  to  be  encountered  would  be  measured  by  the 
height  of  the  column  of  liquid  that  would  be  sup- 
ported at  the  point  0  by  the  pressure  along  the  hori- 
zontal tube,  and  this  height  is  op,  the  level  at  which 
the  dotted  Ime  joining  the  surfaces  of  the  liquid  in 
the  piezometers  strikes  the  reservoir.  Thus,  of  the 
total  effective  force  no  of  the  head  of  water  in  the 
reservoir,  the  total  charge  of  the  reservoir,  as  it  is 
called,  the  portion  po  is  required  to  overcome  the 
resistance  encountered  in  the  horizontal  tube.  There 
remains  only  the  portion  hp  to  determine  the  velocity 
of  efflux  at  the  outlet  b.  Suppose  the  end  h  of  the 
tube  to  be  blocked,  and  an  opening  directed  upwards 
made  instead,  the  water  would  issue  from  the  tube  ah 
in  an  upward  jet,  and  the  height  of  that  upward  jet 
would  be  a  measure  of  the  velocity  of  efflux ;  that  is, 
the  velocity  which  a  body  would  acquire  in  falling 
from  rest  through  that  distance  is  the  velocity  of  dis- 
charge. The  height  of  the  upward  jet  is  the  same 
as  the  height  hp.  The  velocity  of  flow  is  uniform 
(constant)  throughout  the  whole  length  of  the  tube. 
To  sum  up  : 

(1)  The  rate  of  disclumje  is  eqiud  to  (lie  total 
chirge  of  the  reservoir  less  the  force  required  to  over- 
come the  resistance. 

(2)  The  resistaTice  is  directly  proportioim.l  to  the 
le)ujth  of  the  tube. 

(3)  Furtiicr,  the  resistance  increases  with  the  speed 
of  the  stream.  Since  the  resistance  is  due  to  the 
1  notion  of  the  molecules  of  the  liquid  at  the  centre  of 
the  stream  with  the  imdecules  outside  of  tiiem,  which 
ai-c  retarded  more  and  more  as  they  are  ni'arer  to 
contact  with  the  sides  of  the  tube,  it  is  (svidnnt  when 
there  is  110  luoveiiient  there  is  no  friction,  and  as  tiio 
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movement  increases  so  does  the  friction,  i.e.  the 
resistance.  Tlie  smaller  the  diameter  of  the  tube,  the 
greater  is  the  sijeed  of  the  Current,  so  that 

(4)  The  resistance  is  in  inverse  2)ro2]ortion  to  the 
diameter-  of  the  tube. 

In  short,  the  resistance  is  directly  proportional  to 
the  length  of  tlie  tube,  is  ioiversely  2^roportional  to  its 
cross  section,  and  increases  with  the  speed  of  the 
stream.  It  may  be  added  that  the  resistance  will  also 
increase  with  the  force  of  cohesion  exercised  by  the 
molecules  of  the  liqirid.  So  that  a  liquid  like  blood, 
with  greater  cohesite  power,-  would  offer  greater  resist 
tance  than  water. 

Heat  diminishes  the  cohesion  of  a  liquid,  and  so 
lessens  the  resistance. 

What  has  been  said  applies  to  tubes  of  uniform 
diameter,  but  it  explains  also  the  influence  of  tubes 
OP  VARYING  DIAMETER.  When  a  Small  tube  passes 
suddenly  into  a  tube  of  larger  diameter  there  is 
sudden  increase  of  pressure  at  the  surface  of  junction, 
accompanied  by  a  diminution  in  the  speed  of  move- 
ment through  the  wider  tube.  The  molecules  of 
which  the  fluid  consists  cannot  suddenly  change  the 
swift  movement  into  a  slower  one,  and  on  account  of 
their  inertia  the  pressure  exerted  by  them  on  one 
another  develops  the  increased  force.  On  the  other 
hand,  the  abrupt  transition  ffotn  a  slow  to  a  quick 
movement,  at  the  place  whei'e  a  wide  tube  passes  into 
a  narrow  one,  diminishes  the  pressure.  The  effect, 
however,  in  a  system  of  tubes  of  a  series  of  widei 
parts  is  to  diminish  the  total  resistance. 

Bending'  of  the  tube  causes  serious  retardation 
at  the  place  of  bend,  and,  if  great,  may  produce  some- 
thing of  the  nature  of  a  whirl  still  further  to  arrest 
the  movement  by  the  pressure  of  the  molecules  on 
the  inner  side  of  the  bend.  The  result  is,  that  behind 
the  bend  the  resistance  is  increased.    This  means. 
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however,  diiiilnislied  resistance  in  front,  diuiinislierl 
amount  of  current,  but  a  proportionately  speedier 
advance.  Tlie  result  of  the  counterbalancing  is,  that 
in  the  end  the  pressure  and  speed  of  movement  are 
unaffected. 

lu  a  ra.miiied  system  of  tisbes  a  similar 
compensating  arrangement  is  found  to  exist.  Here 
certain  conditions  exist  tending  to  increase  friction, 
viz.  increased  surface  of  tubes,  multiplying  opportu- 
nities for  cohesion,  as  well  as  angles  and  bends  ob- 
structing the  current.  These  exist  at  the  places  where 
the  main  trunks  branch  out  into  others.  Opposing 
this  tendency  is  the  increased  calibre  permitting  easier 
flow.  Similarly  on  the  reunion  of  the  bi-anches  to  form 
a  common  trunk,  elements  of  increased  resistance  are 
present  in  the  retarding  influence  of  the  current  of  one 
branch  upon  another  as  they  meet,  and  on  the  in- 
fluence of  the  angles  at  the  junctions.  This  does  cause 
a  backward  pressure,  which  is  yet  to  some  extent 
counterbalanced  by  the  increased  speed  of  a  dimin- 
ished current  in  front,  and  which  is  finally  lost  in 
the  increased  calibre  of  the  branches  behind.  Thus 
it  appears  that,  over  all,  a  ramified  system  of  tubes 
does  not  ofier  more  resistance  than  a  single  tube,  and 
may  even  effect  a  greater  discharge  than  the  single 
tube. 

The  flow  orij<iui<1s  in  caitiSSary  tubes  was 

investigated  by  Poiseuille  with  great  care,  for  it  is 
found  that  below  a  certain  diameter  the  flow  does  not 
follow  the  laws  already  laid  down.  The  diameters  of 
the  tubes  used  by  Poiseuille  were  all  under  one  milli- 
metre. He  found  that  with  capillary  tubes  of  equal 
length,  and  with  other  things  equal,  the  discharge 
increases  in  proportion  with  the  fourth  poioer  of  the 
diameter,  while  in  other  tubes  it  is  directly  as  the 
section/!.  For  diU'enrnt  lengths,  other  things  being 
e<iual,  capillary  tubes  obey  the  same  laws  as  othei's, 
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the  resistance  being  directly  as  tlie  length.  The  ilow 
of  different  liquids  through  tubes  of  the  same  length 
and  diameter,  and  under  the  same  pressure,  varied 
greatly.  For  example,  it  took  water  535  2  seconds 
to  pass  through  the  same  tube  that  ether  passed 
through  in  160'5  seconds;  alcohol  took  1184-.5 
seconds;  serum  of  blood,  1029;  serum  Nvitb  alcohol 
took  longer  time,  1223' 4  ;  and  with  ammonia  lesr, 
981-6.  Salts  like  iodide  of  potassium  and  nitrate  of 
potassium  increased  the  speed,  chloride  of  sodium  and 
sulphate  of  soda  diminished  it. 

The  movement  of  liquids  through  elastic 
tubes  is  not  always  the  same  as  that  described  for 
rigid  tubes,  because  a  new  force,  elasticity,  is  intro- 
duced into  the  question.  It  is  proper  to  observe, 
however,  that  this  new  force  need  not  always  come 
into  play.  Thus,  suppose  a  constant  flow  of  fluid 
through  an  elastic  tube,  under  the  influence  of  a 
constant  pressure.  The  pressure  may  not  be  suflicient 
to  distend  the  tube  bej'^ond  the  normal,  and  in 
that  case  the  fluid  will  obey  the  same  laws  as  if  it 
flowed  through  a  rigid  tube.  The  pressure  mav  even 
be  sufficient  to  distend  the  tube,  and  even  to  distend  it 
to  the  uttermost,  without  any  variation  being  produced 
in  the  flow  of  the  fluid.  For  the  pressure,  however 
great  it  may  be,  is  at  the  same  time  constant,  and  the 
only  influeuce  it  exerts  through  the  elasticity  is  to 
make  the  tube  wider  or  narrower  according  as  the 
pressure  is  greater  or  less.  The  elasticity  comes  into 
])lay  only  when  the  constancy  (the  equilibi-ium)  is 
disturbed.  Thus,  suppose  an  ela.stic  tube,  distended 
already  to  some  extent  by  a  certain  pressure,  to  come 
under  the  influence  of  increased  pressure,  acting  only 
for  a  short  time,  by  the  introduction  of  an  added 
quantity  of  fluid,  it  dilates  further  iu  response  to 
the  demand,  but  as  soon  as  the  additional  pressui-e 
passes  away  it  is  restored  to  its  former  calibre  by  the 
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action  of  its  own  elastic  force.    This  elastic  reaction 
acts  upon  the  fluid  within  the  tube,  pressing  upon  it, 
and  the  increased  pressure  is  thus  passed  on  to  a 
succeeding  part  of  the  tube,  which  dilates,  and  then 
recovers  itself,  by  its  recovery  transferring  the  in- 
creased pressure  still  farther,  and  so  it  is  propelled 
onwards.    A  wave  is  in  this  way  propagated  along  the 
tube.    Now  this  propagation  of  a  wave  is  to  be  dis- 
tinguished from  the  passage  of  the  fluid.    The  onward 
movement  of  the  molecules  of  the  fluid,  which  forms 
the  current,  is  in  the  direction  of  the  axis  of  the  tube,  in 
a  straight  line,  and  is  a  movement  of  translation ;  but 
the  wave  movement  is  one  across  this  path,  and  is  a 
movement  of  oscillation,  due  to  the  molecules  desertincr 
the  straight  line.    In  a  rigid  tube,  as  has  been  seeif 
only  the  movement  of  progression  exists.     In  an 
elastic  tube,  ^vith  no  current,  the  wave  movement  may 
exist  alone.    In  an  elastic  tube  open  at  the  end,  not 
only  can  both  co-exist,  but  they  may    co- exist  in 
difierent  directions.    Thus  the  wave  may  pass  in  the 
samB  direction  as  the  current,  in  which  case  it  is  called 
Vositim  ;  but  It  may  travel  in  the  opposite  direction  to 
tJie  movement  of  progression,  and  is  then  called  a 
negatxve  wave.     The  characters  of  wave  movements 
Jiave  been  very  elaborately  studied,  by  means  of  the 
graphic  method,  by  Professor  Marey.    He  has  adapted 
the  tambour,  described  on  page  185,  to  obtain  a  re4ter 
ot  the  movements.     The  tambour  is  contained  in  a 
rectangular  frame,  the  membranous  side,  which  is 
turned  downwards,  having  attached  to  it  the  one  half 
ot  a  p,ece  o  split  tube.     The  other  half  rests  on  tl,e 
botto.n  of  the  irame.     Tiie  elastic  tube  is  ma.Ie  to  pass 
ON  or  the  lower  ludf,  and  then  the  tambour  is  lowered 
by  a  screw  so  that  the  tube  is  grasped  bv  the  upper 
Jialf,  so  as  to  be  SL.rroundod  by  the  piece  of  tube.  Any 
movement  even  the  slightest,  will  adect  the  upnej 
l'"iUon,  winch,  bemg  attached  to  the  membrane  of  the 
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tambour,  causes  oscillations  of  the  air  inside.  These 
oscillations  are  communicated  through  a  tube  to  a 
registering  tambour,  whose  style  presses  on  the  surface 
of°a  reA'olving  cylinder.  The  box  tambours  are  placed 
at  intervals  along  the  elastic  tube,  each  communicating 
with  a  registering  one.  The  styles  of  all  the  registering 
tambours  are  arranged  on  the  same  recording  surface, 
one  after  the  other  in  their  proper  order.  Thus  tbe 
progression  of  the  wave  and  other  occurrences  in  the 
fluid  are  registered  on  the  same  surface,  and  may  be 
studied  at  leisure. 

It  has  been  seen  that  it  is  intermittence  of  action 
that  produces  the  wave  movement.    Marey  has  shown 
that  the  extent  of  the  wave  depends  on  tbe  sudden- 
ness of  the  disturbance  of  equilibrium,  and,  when  it  is 
due  to  the  propulsion  into  the  tube  of  an  additional 
quantity  of  fluid,  it  is  proportional  to  the  quantity. 
Greatest  at  the  moment  of  its  production,  it  gradually 
diminishes  up  to  the  end  of  the  tube,  if  it  be  not 
closed.    A  brief  energetic  impulse  is  capable  of  pro- 
ducing, not  only  the  primary  wave,  but  a  series  of 
SECONDARY  WAVES.    This  is  due  to  the  fact  that  the 
molecules  of  the  liquid  have  been  displaced  above  the 
level  of  their  normal  position,  as  they  took  part  in  the 
formation  of  the  crest  of  the  wave,  and  have  then  fallen 
below  their  normal  level  in  forming  the  hollow  of  the 
wave     So  that  when,  with  the  comi^letion  of  the  wave 
movement,  so  far  as  each  molecule  is  concerned,  the 
molecules  are  restored  to  their  former  position  or  level, 
the  force  they  have  acquired  compels  them  to  pass 
acrain  beyond  the  normal,  first  in  one  direction  and 
then  in  the  other.    So  they  oscillate  backwards  and 
forwards,  producing  secondary  waves,  until  the  ac- 
quired energy  is  dissipated  and  they  come  to  rest  in 
the  usual  position. 

The  speed  «f  propagation  of  the  wave  is  pro- 
portional to  the  elastic  force  of  the  tube.    Thus,  the 
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less  extensible  the  tube  the  faster  will  the  wave  travel, 
while  a  slow  rate,  a  retarded  wave,  means  great  exten- 
sibility. The  wave  increases  also  with  rapidity  of  the 
impulses,  and  diminishes  with  increased  density  of  fluid. 

The  height  of  the  wave  depends  upon  the  ex- 
tensibility of  the  walls  of  the  tube.    The  more  easily 
distended  the  tubes  are  the  higher  will  be  the  wave,  but 
the  less  will  be  its  length.    For  if  an  additional  quan- 
tity of  fluid  be  projected  into  a  tube  which  readily 
distends,  a  small  portion  of  the  tube  will  increase 
its  diameter  sufiiciently  to  contain  the  added  quantity. 
If,  on  the  other  hand,  the  tube  is  distended  with 
difliculty  it  will  yield  little  to  the  increased  pres- 
sure, and,  in  consequence,  a  greater  extent  of  wall 
must  yield  in  order  to  accommodate  the  added  quan- 
tity of  fluid.    Thus,  the  height  of  the  wave  will  be 
little,  but  its  length  will  be  considerable.      Now  it 
is  easily  understood  how  one  and  the  same  tube  may 
present,  at  one  moment,  the  features  of  a  readily  dis- 
tensible tube  with  high  short  waves,  and,  at  another 
moment,    the    features  of  a  tube    distended  with 
difficulty  showing  low  but  long  waves.     Suppose  a 
moderately  distensible  tube  which  has  a  fluid  flowing 
through  it  under  so  little  pi-essure  that  the  tube  is 
hardly  distended  at  all,  the  projection  into  the  tube  of 
additional  quantities  of  fluid  will  distend  it  consider- 
ably at  every  projection,  and  the  characters  of  a  high 
short  wave  will  be  produced.    Let  the  same  tube  be 
traversed  by  a  fluid  at  great  pressui-e,  which,  acting 
on  the  elastic  walls,  distends  them  to.  their  utmost 
capacity.    Under  these  circumstances  the  tubes  are 
nearly  in  the  condition  of  a  rigid  tube,  the  projec- 
tion of  new  quantities  of  fluid  into  it  are  capable  of 
dilating  it  further  only  to  a  very  small  amount,  and 
the  characters  of  a  low  long  wave  are  produced.  The 
application  of  tliese  phenomena  to  the  production  of 
the  pulse  vnll  ap[iear  immediately. 
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Now  what  effect  on  the  velocity  and  rate  of  dis- 
charge of  the  fluid  does  the  elastic  force  produce  % 

Comparison  between  ria:id   and  elastic 

t^sbes  Suppose  both  tubes  to  be  under  precisely  the 

same  conditions,  except  that  the  one  tube  is  distensible 
aiid  the  other  not.    Let  both  be  filled  with  fluid,  and 
be  under  the  influeuce  of  the  same  intermittent  force, 
projecting  additional  quantities  of  fluid  into  them.  In 
the  case  of  the  rigid  tube  there  is  no  means  of  increasing 
the  accommodation  of  the  tube  for  the  new  quantity 
of  fluid,  because  it  is  already  full,  is  iuextensible,  and 
the  fluid  is  not  compressible.     It  follows,  then,  that  a 
quantity  of  fluid  must  pass  out  of  the  tube  precisely 
equal  to  the  quantity  that  enters,  and  at  the  same 
moment.     In  short,  the  intermittent  action  of  the 
pressure  is  accompanied  by  an  intermittent  eSlux,  the 
interval  between  the  cessation  of  the  pressure  and  its 
recurrence  being  marked  by  no  flow.    The  shock,  that 
is  to  say,  which  has  been  received  is  communicated  at 
the  same  instant  to  the  fluid  in  every  part  of  the  tube; 
it  has  its  maximum  in  every  part  at  the  same  time, 
and  it  disappears  at  the  same  time.    In  an  elastic 
tube,  the  molecules  in  the  immediate  neighbourhood 
of  the  point  of  afllux  experience  almost  the  same 
effect  of  intermittence.    Their  equilibrium  is  suddenly 
disturbed  by  a  shock,  which  passes  off,  leaving  them, 
after  a  few  oscillations,  to  come  to  rest  until  they  are 
disturbed  by  another  shock.    But  this  effect  is  not 
communicated  to  the  parts  of  the  tube  at  some  dis- 
tance from  tlie  point  of  afllux.    The  impulse  is  not 
transmitted  in  full  force  throughout  the  wliole  tube. 
Part  only  is  so  transmitted,  and  a  large  portion  is 
expended  in  distending  the  elastic  walls  of  the  tube 
in  the  immediate  neighbourhood  of  the  point  of  entry 
of  the  projected  fluid.   As  soon  as  the  pressure  begins 
to  diminish,  the  elastic  reaction  of  the  walls  of  the 
tube  comes  into  play,  the  recoil  of  the  walls  ot  tlie 
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tube  presses  forward  the  tiuid  wliich  distended  tliem 
and  a  succeeding  portion  of  the  tube  then  experiences 
tlie  pressure  and  proceeds  to  undergo  the  same  pro- 
cess.   So  that,  while  the  fluid  in  the  neighbourhood  of 
the  ponit  of  afflux  experiences  discontinuous  pressure 
owuig  to  the  mtermittent  action  of  the  force,  fluid  at 
some  distance  from  the  point  experiences  a  less  and 
less  degree  of  mtermittence,  owing  to  the  elastic 
reaction  of  the  walls  following  up  the  intermittent 
torce.    J^or  this  elastic  reaction  acts  in  the  intervals 
between  the  action  of  the  intermittent  force  The 
farther  one  passes  from  the  point  of  afflux  the  more 
nearly  does  the  fluid  exhibit  a  continuousness  of  move- 
ment though  showing  still  periodic  variations  in  the 
speed  of  progression,  till  at  length,  when  the  full 
ettect  of  the  elastic  reaction  has  developed,  the  fluid 
iias  acquired  a  uniform  continuous  flow. 

Tims  elastic  tubes  have  the  poioer  of  transformi,m 
an  intermittent  into  a  continuous  flow. 

Thus  the  fluid  may  be  said  to'  experience  two 
forces,  one  the  mtermittent  force,  the  pressure  com- 
municated to  the  fluid,  and  the  other  the  force  ex- 
erted by  the  e  astic  walls,  due  to  their  distension  ;  in 
other  words,  the  tension  of  the  walls.  It  is  well  to 
distinguish  now  between  these  two,  so  that  there  may 
be  no  difficulty  in  understanding  the  diflerence  between 
the  phrases  blood  pressure,  the  force  exerted  by  the 
blood  upon  the  walls  of  the  vessels,  and  due  to  the 
hoart  s  action,  and  arterial  tension,  the  force  exerted 
til  oLT  '^^.^^Y'^-i'^ries  upon  the  blood,  and  due  to 
tlie  elastic  recoil  of  these  vessels 

The  effect  of  the  action  of  elastic  tubes- on  the 
ate  o    inovement  of  fluid  through  them  is  obviously 
f^  sloio  It,  for  at  the  same  instant  that  there  enters  the 
s  o  f  ^1"^.^ an  equal  quantity  does  not 
-sue  from  ,t,  as  m  ngid  tubes,  owing  to  the  distension 
the  tubes.    At  tl,.  sanu:  tinu-    experinu-nt  iuus 


222 


Physiological  Physics.      [Chap.  xxi. 


shown  that,  all  other  things  being  equal,  an  elastic 
tube  is  capable  of  discharging  a  greater  quantity  of 
fluid  than  a  rigid  one  in  the  same  time.    This  Marey 
proved    experimentally  by  means   of  a  Marriotte's 
bottle  (page  210),  filled  with  water,  whose  outflow  pipe 
was  furnished  with  a  cock.    From  the  outflow  pipe 
branched  two  tubes,  one  of  brass  and  the  other  of 
caoutchouc,  both  of  the  same  length,  both  terminating 
in  points  of  the  same  diameter.    To  prevent  the 
elastic  recoil  of  the  caoutchouc  tube  causing  a  back- 
ward flow  of  water  from  it,  a  valve  was  placed  at  its 
beginning.    When  the  cock  was  opened,  and  a  con- 
tinuous flow  permitted  through  both  tubes,  the  quan- 
tity discharged  by  both  was  the  same.  The  continuous 
action  failed,  in  this  case,  to  develop  the  elastic  re- 
action of  the  caoutchouc  tube.    When,  however,  the 
cock  was  opened  and  closed  intermittently,  the  quan- 
tity discharged  through  the  elastic  tube  exceeded  that 
from  the  glass  tube.    The  explanation  ofl'ered  for  this 
is,  that  the  slowing  of  the  velocity  of  the  current  pro- 
duced by  the  elastic  distension  diminishes  the  resistance 
due  to  friction,  and  the  force  that  would  have  been 
expended  in  overcoming  the  resistance  is  now  devoted 
to  furthering  the  advance  of  the  fluid. 

Thus,  the  elastic  reaction  of  the  walls  of  tubes 
diminishes  the  velocity  of  the  current,  but  increases 
the  quantity  of  fluid  discharged. 


CHAPTER  XXI. 

THE  MECHANICS  OF  THE  CIRCULATION. 

It  is  now  necessary  to  apply  the  laws  that  ha\  e 
been  indicated  to  the  circulation  of  the  blood  through 
the  blood-vessels. 
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Tlie  blootl-vcsscls  form  a  system  of  braucliiiig 
tubes  of  varying  diameter.  Beginning  at  one  ex- 
tremity in  a  large  artery,  the  aorta,  which  gives  off 
branches  at  various  angles,  and  these  again  other 
branches,  and  so  on,  of  constantly  diminishing  calibre, 
the  system  passes  into  a  series  pf  remarkably  small 
vessels  (the  cajiilJaries),  which,  in  their  turn,  pass  into 
vessels  now  increasing  in  size,  and  uniting  at  various 
angles  to  form  the  larger  veins,  which  ultimately 
end  in  two  large  vessels.  Thus,  to  speak  generally, 
you  have  two  series  of  wide  vessels  in  communi- 
cation through  the  medium  of  very  small  vessels. 
The  total  calibre  of  the  vessels  increases  from  the 
aorta  to  the  capillaries,  and  again  diminishes  from 
the  capillaries  to  the  great  veins  which  open  on  the 
right  side  of  tlie  heart.  The  force  that  circulates  the 
blood  through  this  complex  system  of  tubes  is  that 
of  the  heart.  To  apply  what  has  been  noted  of  the 
flow  of  fluid  through  such  an  arrangement  of  tubes, 
the  force  exerted  by  the  heart  will  be  expended  iii 
two  directions,  (1)  to  overcome  resistance  due  to  the 
friction  of  the  blood  against  the  walls  of  the  tubes  (see 
page  212),  and  (2)  to  produce  a  certain  rate  of  flow 
Experiment  proves  that  the  laws  applicable  to  fluid 
flowmg  in  tubes  are  equally  applicable  to  the  blood 
flowing  m  the  vessels.  One  of  these  Jaws  is  that  the 
pressure  diminishes  regularly  from  the  source  of  force 
onwards,  and,  in  accordance  with  this  law,  it  is  found 
that  the  pressure  of  the  blood  against  the  walls  of  the 
vessels  dimmishes  with  the  distance  from  the  heart 
bince,  however,  we  have  here  not  tubes  of  uniform 
diameter,  but  tubes  of  varying  diameter,  the  pressure 
will  not  dimmish  uniformly  but  irregularly.  Thus 
owing  to  the  resistance  offered  by  the  capillaries,  the 
pres.sure  111  the  arteries  diminishes  slowly,  but  in  the 
capillaries  themselves  very  fast,  and  again  slowlv  in 
tlie  veins,  which  offer  little  resistance  to  the  passi 


age 


224 


Physiological  Physics. 


[Chap.  XX(. 


of  the  blood.  While  the  rale  of  decrease  varies,  tlio 
general  fact  remains  that  the  pressure  dimini,shes  from 
the  aorta  through  the  capillaries  to  the  veins,  in  whicli 
it  is  least  of  all. 

It  has  also  been  seen  that  the  velocity  of  the  flow  is 
inversely  as  the  diameter  of  the  tubes.  Now,  owing 
to  the  multiplication  of  branches,  the  total  diameter 
at  the  capillaries  is  much  greater  than  at  the  aorta,  or 
than  at  the  veins  opening  into  the  heart.  It  is, 
accordingly,  observed  that  the  speed  of  the  blood 
diminishes  from  the  aorta  to  the  capillaries,  and  then 
increases  from  the  capillaries  to  the  right  side  of  the 
lieart,  though  the  speed  at  the  right  side  does  not 
come  up  to  the  rate  in  the  aorta,  the  diameter  at  the 
former  level  being  greater  than  at  the  latter. 

In  considering  next  the  part  played  by  the 
elasticity  of  the  vessels,  aid  is  also  obtained  from  the 
consideration  of  the  purely  physical  conditions.  For, 
first  of  all,  it  is  evident  that  the  phenomenon  of  the 
pulse  is  due-  to  this  factor,  and  that  the  characteristics 
of  the  pulse  are  capable  of  afifording  valuable  informa- 
tion to  the  physiologist  and  physician,  as  to  the 
condition  of  the  vessels  and  as  to  the  character  of  the 
force  propelling  the  blood  through  tliem.  From  what 
has  been  said ''(page  217)  it  will  be  understood  that 
the  pulse  is  due  to  the  dilatation  of  the  artery  under 
the  influence  of  the  increased  pressure  transmitted 
to  the  blood  by  th.e  heart,  and  the  subsequent  recoil 
of  the  elastic  walls  upon  the  blood  within  them,  and 
that  this  movement  is  not  to  be  confounded  with  the 
onward  movement  of  the  blood  itself.  Further,  it  has 
been  explained  that  the  pressure  exerted  upon  the 
blood  by  the  elastic  recoil  is  called  the  temion  of  the 

arterial  walls.  . 

The  characters  of  the  wave  can  be  made  visible 
by  a  oraphic  tracing,  obtained  in  a  way  to  be  men- 
tioned" immediately.     What   it  is  desired  to  note 
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here  is,  that  the  characters  are  to  be  interpreted 
according  to  the  niles  that  have  been  already  men- 
tioned (page  219)  as  applicable  to  Avaves  produced  in 
fluids  by  elastic  tubes.  For  example,  three  tracings  of 
pulse  waves  are  shown  in  Fig.  103.  The  tracinc/ 
on  the  right  is  said  to  " 
be  of  low,  that  on  the 
left  of  high  tension. 
If  we  apply  what 
has   been    said     on  I'ig- 103.-Pulse  Tracings. 

page  219.  the  interpretation  of   these  two  tracinc^s 
will  be  that  in  the  latter  case  the  elastic  wall  is 
exerting  great  force  (tension)  upon  the  blood  within 
It  so  that  at  each  increase  of  pressure,  with  each  shock 
of  the  heart,  little  additional  effect  is  produced  upon 
the  arterial  wall  to  distend  it ;  while,  in  the  former 
case,  little  force  is  exerted  by  the  wall,  and  every  in- 
crease of  pressure  affects  it  much  more  considerably 
In  other  words,  in  the  case  of  high  tension  the 
vessel  IS  already  so  distended  that  any  additional 
pressure  only  feebly  affects  it;  or,  though  not  dis- 
tended,  It  is  extensible  with  such  difficulty  that  it  is 
httle  affected  by  the  force  of  the  heart.    These  con 
ditions  would  be  produced  were  the  blood  pressure 
very  high,  or  specially,  if  the  vessel  had  lost  its  elas- 
ticity and  had  become  more  or  less  inextensible,  tlu.t 
IS,  more  nearly  approaching  to  the  condition  of  a  rio-id 
tube     On  the  other  hand,  the  condition  shown  in  the 
right-hand  tracing  is  the  opposite,  a  vessel  not  ^■ery  full 
so  that  each  increase  of  pressure  readily  affects  it,  and 

tenstn  ^^'^'.^{,f         ^o  its  normal  stai  of  dis: 

tension.  1  he  middle  tracing  shows  secondary  waves, 
the  condition  called  dicrotism  showing  considei' 
able  elasticity  o    the  arterial  wall,  but°little  iorL 

p— 7 
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.The  height  of  the  pulse  wave,  then,  reveals  the 

^^''iS'  law  which  has  been  stated,  that  the  speed  of 
propasation  of  the  wave  is  proportional  to  the  elastic 
force  of  the  vessel  explains  how,  the  more  rigid  a 
vessel  becomes  (for  instance,  by  calcification  and  such 
senile  changes),  the  faster  is  the  transmission  of  the 
pulse;  it  explains,  too,  the  length  of  the  wave  m  the 
pulse  tracing  to  the  left  of  the  figure,  and  m  the 
tracing  obtained,  for  instance,  from  a  person  suffenng 
from  hypertrophied  vessels,  due  to  chronic  Bright  s 

disease  of  the  kidney. 

Lain,  the  dependence  of  the  extent  of  the  wave 
on  the  suddenness  of  the  disturbance  of  equilibrium 
(page  218),  and  on  the  quantity  of  fluid  foiled  mto  the 
vessel  by  each  shock,  offers  an  explanation  of  the 
ISupithat  gives'the  "shotty"  character  to  the 
pulse  of  aortic  insufficiency.     _  i  •  4.1 

Thus  the  physical  conditions  explaui  the  phe- 
nomena of  the  pulse.     The  application  of  ^^at  has 
been  observed  L  to  the  effects  of  the  elasticity  of 
vessels  also  shows  that  it  is  to  the  operation  of  this 
lovce  foUo^ng  up  the  shock  of  the  heart  that  the 
cmrtinuous  flow  of  blood  through  the  capillaries  1. 
due     It  explains  why  loss  of  this  elasticity  by  calci- 
fication of  the  arterial  walls,  should  be  followed  by 
pSSL  continued  into  the  capillaries,  and  even  mto 
the  veins.    It  also  explains  how  the  work  of  the  heart 
L  economised  by  the  quantity  of  discharge  bemg  in- 
creased through  elastic  tubes.  ^..fhods  bv 
It  is  now  necessary  to  explam  the  methods  oy 
which  observations  on  blood  pressure,  arterial  tension, 
and  velocity  of  the  blood,  have  been  made. 

bSoocI  pi-essm-e.-The  figure  on  page  211  s^iows 
1  n/the  pressure  of  the  blood  on  the  walls  of  the 
how  the  ^^^^     ^\,^  piezometers,  described 

rtt%"a:r;arr:ctually  4asurers  of  the  force 
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Blood  Pressure. 
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exerted  on  the  tube,  and  the  height  of  the  column 
ot  hquid  that  ascends  in  them  is  the  measure  of 
the    pressure   exerted  by    the   fluid.    The  first  to 
employ  this  method  to  measure  the  pressure  of  the 
blood  was  Stephen  Hales,  rector  of  Faringdon.  He 
hrst  (as  early  as  the  beginning  of  the  eighteenth  cen- 
tury) experimented  on  dogs,  and,  later,  on  horses  and 
various  other  animals.     His  method  was  to  open  the 
crural  artery  of  the  animal,  and  to  fix  into  it  a  glass 
tube  and  then  note  the  height  to  which  the  column  of 
blood  rose  m  the  tube.     In  experiments,  however,  to 
determme  the  force  of  the  sap  in  vines  Hales  used 
tubes  bent  mto  a  U-shape,  in  the  bend  of  which  he 
placed  mercury.     He  noted  the  height  to  which  the 
CO  umn  of  mercury  rose,  and  calculated  how  high  a 
column  of  water  it  represented.     In  his  experiments 
on  blood  pressure  Hales  noted  not  only 
the  height  to  which  the  column  of  blood 
rose,  but  the  time  it  took  to  attain  its 
maximum,  the  stages  by  which  it  rose, 
and  the  oscillations  which  it  experienced 
with  the  movements  of  the  heart,  and 
other  circumstances.     In  1828  the  bent 
.iibe  with  mercury  (Fig.  104),  was  em- 
ployed by  PoiseuiJle  one  end  ah  being  in- 
serted mto  the  vessel  of  the  animal,  and 
a  reading  then  taken  (by  means  of  a  scale 
r^,^^  attached  to  each  limb  of  the  tube) 
of  the  difference  of  level  of  the  surfaces 
of  mercury  m  the  two  limbs  hd,  r/c.  This 

^-ladynamometer, 
or  measuier  of  the  force  of  the  blood.  Manometer  \\ 
another  name  given  to  tlie  same  arrangeme" 

the    "terrof  tl  'f'^'  '"''^  ^^^^  — ^^d  to 

rou  1  tL?  ""T'"^        ^^'^    experimented  on 

vX  a  f  n?  ""^^^  ^'^^-^^^'^      ^  l^^^l  tube 

with  a  hno  extreuuty.    A  .stop-cock  permitted  the 


Poiseiiilie's 
hfemadyua- 
mometer. 
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tube  and  the  manometer  to  be  placed  in  communi- 
cation at  pleasure.  The  short  limb  of  the  mano-  ■ 
meter,  as  well  as  the  intermediary  tubing,  was 
filled  with  a  concentrated  solution  of  bicarbonate 
of  soda  before  the  connection  with  the  artery  was 
established.  This  was  for  the  purpose  of  preventing 
coagulation  of  the  blood  by  contact  with  the  tube  a 
circumstance  which  would  prevent  a  correct  result. 
In  1848  Ludwig  adapted  to  the  mercury  a  float  which 
passed  up  the  tube,  and,  after  issuing  from  the  top, 
^  carried   a  horizontal  arm  with 

a  fine  point,  which,  brought  up 
against  the  blackened  surface  of 
a  revolving  cylinder,  registered 
in    curve  form  the  oscillation 
of  the  mercury.    To  this  form 
the  name  of  kymogeaphion  was 
given  by  Yolkmann.  Another 
improvement  consisted  in  so  ar- 
ranging the  connection  with  the 
vessel  that  the  circulation  should 
not  be  arrested  in  it.    This  is 
effected,  not   by  simply  tying 
the  tube  into  the  vessel,  but  by 
making  a  snip  in  the  side  of  the 
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Fig.  105.— Scheme  of  Lud- 

■wig's  KymograiJhion. 
OneliinDottl.eti.l.c  isrepre-    uuvivxiig  „  ow.^.  -    '  , 

ELMiud  tied  in  tiie  vessel  ,,p„cpl  aiid  mserting  a  i-shapea 

c  nil. I  tUe  mercury  ill  tlmt  veSbBl,  diiu   -""^        o  .  , 

limb  is  depressed  tii  the  +„lip  into  it.      The  horizontal  pOl- 

cxteiit  11"'.  ilie  meroury  tUUB  ilitu  lu.      j-  ^  i 

ill  the  ntUer  liiiili  lieiiig  ,  •         f  +1,„  'T'       tied  111  the  VCSSel, 

raised    a    cerrespimdi.iiK  I'lOn  Ui.  uiii/  -l  _ 

amount  (a  /is  the  iioiiit      i  the  Vertical  portion  is  con- 

<)(  the  fli«t  s  writing  ou    aiKl   l^Jio  vcli  r   

tiiorcvoivingcyhnderc.  ^ggted  With  the  uiaiiometer. 
Thus  the  horizontal  part  of  the  tube  becomes  part 
of  the  vessel,  from  a  part  of  the  wa  1  of  which  the 
vertical  portion  springs,  just  as  m  the  case  of  the 
piezometers  described  on  page  211. 

One  great  objection  to  the  mercury  manometei 
yet  remains,  viz.  that  owing  to  the  inertia  of  the 
Lercury  it  does  not  record  the  absolute  movements  of 
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Fisf.    106.  —  Fick's 
Spring  Kymogra- 
phion. 


the  blood.  The  oscillations  of  the  mercury  tend  to 
maintain  themselves,  and  small  variations  thus  escape 
record.  An  arrangement  for  obtaining  tracings  with 
more  minute  variations  is  that  of  Bourdon,  adapted 
by  Fick.  It  consists  of  a  hollow  spring  thrown  into 
the  form  of  a  curve  (gb,  Fig.  106).  The  interior  is 
filled  with  alcohol.  One  extremity 
is  sealed,  and  has  passing  from 
it  an  arrangement  of  levers  gd 
for  amplifying  the  movement.  The 
extremity  of  the  lever  projects,  by 
means  of  a  writing  point,  against 
a  revolving  cylinder.  The  lower 
end  of  the  spring  communicates 
with  a  lead  tubing  a  ;  which 
is  filled  with  bicarbonate  of  soda 
solution,  and  is  connected  with  a 
T-shaped  tube  in  the  blood- 
vessel. To  damp  the  oscillations,  and  prevent 
them  being  continued  by  the  mere  elasticity  of 
the  spring,  a  prolongation  of  the  writing  lever  dips 
below  the  writing  point  into  a  tube  of  glycerine. 
Pressure  causes  the  spring  to  expand,  and  a  movement 
is  communicated  to  the  lever.  As  soon  as  the 
pre.ssui-e  is  removed  the  spi'ing  returns  to  its  former 
position. 

Marey's  tambours  (page  185)  have  been  adapted  to 
register  bloocl  pressure.  In  1 86 1  Marey  and  Chauveau 
obtained  tracings  of  pressure  by  introducing  into  the 
heart  itself  a  sort  of  catheter  carrying  a  small  caout- 
chouc bag  at  the  heart  end.  The  other  end  of  the 
sound  communicated  by  means  of  an  indiarubber 
tube  with  a  registering  tamljour  writing  on  a  revolving 
cylinder.  For  the  right  side  of  the  heart  the  sound 
was  introduced  through  the  jugular  vein,  for  the  root 
of  the  aorta  and  left  side  of  the  heart  through  the 
carotid. 


23° 


Physiological  Physics.       [Chap.  xxi. 


Fig.  107.— Cardio^pb 
of  JUarey  (in  section). 


By  the  cardiograpli  (Fig.  107)  Marey  has  ap- 
jolied  the  same  method  to  obtain  tracings  of  the 
movement  of  the  heart  from  the 
outside.  The  tambour  is  fitted  in 
a  vulcanite  box  c.  On  the  disc 
in  the  centre  of  the  membrane  a 
is  fixed  a  vulcanite  knob  which 
is  applied  to  the  spot  on  the  chest 
where  the  shock  of  the  heart  Ls 
felt.  By  means  of  the  spiral 
spring  and  screw  d  the  sensi- 
bility of  the  instrument  can  be 
increased  or  diminished.  The  variations  of  pressure 
produced  by  the  movements  of  the  heart  are  conveyed 
by  an  indiarubber  tube  e/'to  a  registering  instrument 
in  the  usual  manner. 

The  speed  of  tlie  tolood  stream  has  been  deter- 
mined by  various  forms  of  ap- 
paratus. First  in  point  of  time  is 
that  of  Yolkmann  (1850),  which  is 
called  the  IiBemodjromometer, 
It  consists  of  a  bent  U-tube  with 
limbs  of  equal  length  2, 3  (Fig.  108), 
between  which  a  scale  is  fixed. 
These  are  fixed  in  a  basement  piece 
5,  6,  fitted  with  cocks  1,  4,  and  sup- 
plied at  each  end  with  a  canule 
7  8.  The  cocks  of  the  basement 
piece  communicate  with  one 
another,  and  have  a  passage  bored 
straight  through  and  a  passage  at 
right  angles  to  it  opposite  each  limb 
of  the  U-tube.  By  a  simple 
mechanical  contrivance  the  cocks  can  be  turned  so 
that  the  through  passage  only  is  open,  or  the  cross 
passages  only.  By  this  means,  in  the  first  case,  fluid 
would  pass  straight  through  without 


Fig.  108.— Volkmann's 
Hifimodromometer. 


pass 


entering 


the 
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U-tube ;  in  the  second  case,  the  fluid  would  i-equire  to 
pass  the  long  route  through  the  bent  tube.  In 
Fig.  108,  A  illustrates  the  complete  instrument;  B 
shows  how,  by  turning  the  cocks,  the  fluid  would  pass 
straight  through,  and  c  shows  how  it  would  be  diverted 
into  the  bent  tube.  The  bent  tube  is  filled  with 
water,  or,  better,  serum,  and  the  cocks  turned  so  as 
to  shut  it  ofi  from  the  through  passage.  The  cut  ends 
of  a  severed  artery  ai'e  then  ligatured  to  the  two 
canules.  In  this  position  the  blood  passes  straight 
through  the  basement  piece,  just  as  if  it  were  part  of 
the  length  of  the  artery.  At  a  given  moment  the 
cocks  are  turned,  the  blood  passes  up  one  limb  of  the 
bent  tube  and  down  the  other,  driving  the  serum 
before  it.  The  time  it  takes  to  travel  the  whole 
length  of  the  tube  can  be  counted,  and  the  length  is 
known,  so  that  the  rapidity  is  easily  estimated.  An 
objection  to  this  instrument  is  that  the  time  occupied 
by  the  blood  in  traversing  the  tube  is  very  short, 
and  no  account  can  be  taken  of  vari-  [ 
ations  produced  by  respiration  and 
the  shock  of  the  lieart. 

The  sti'omialir  of  Ludwig  (Fig. 
109)  permits  of  a  much  longer  oljser- 
vation,  while  constructed  on  a  similar 
principle.  It  consists  of  two  glass 
flasks,  1  and  2,  of  equal  capacity,  com- 
municating with  one  another  above  by 
an  arch,  surmounted  bya  metal  capAB. 

The  flasks  are  supported  on 
a  metal  disc  5  5',  which  is  capable 
of  revolving  on  the  metal  support 
6  G',  below.  Through  5  5'  and 
6  6'  is  a  tube  on  each  side,  continuous  with  1  and 
2.  and  terminating  in  the  canules  8  and  9.  In 
the  position  .shown  in  the  figure,  1  communicates 
with  8,  and  2  with  9,  but,  by  a  half  turn  of  the  flasks, 


Fig.  109.— Ludwig's 

Stroniiihr. 
The  left-hnnd  side  is 
shown  ill  section. 
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permitted  by  the  disc  5  5',  1  may  be  put  in  communi- 
cation with  9,  and  2  with  8.  Suppose  the  stromuhr 
be  applied  to  an  ai^tery,  so  that  the  proximal  end  is 
bound  to  the  canule  8  in  communication  with  1,  and 
the  distal  end  bound  to  9.  1  is  filled  with  pure  olive 
oil,  2  with  defibrinated  blood.  On  communication 
being  made  with  the  artery,  the  blood  rushes  through 
8  into  1,  and  forces  the  oil  into  2,  and  the  defibrinated 
blood  from  2  into  the  artery ;  as  soon  as  the  blood 
reaches  to  the  mark  3,  the  stromuhr  is  quickly  turned, 
so  as  to  bring  2,  now  filled  with  oil,  over  8,  and  1, 
filled  with  blood,  over  9.  The  blood  is  thus  permitted 
to  pass  on  wholly  into  the  artery,  and  the  operation  is 
repeated,  2  becoming  in  turn  filled  with  blood,  and  1 
with  oil,  when  the  instrument  is  again  turned.  The 
number  of  turns  are  noted,  the  time  taken,  and  the 
capacity  of  the  flasks  is  known,  so  that  the  quantity 
of  blood  passing  in  a  given  time  is  ascertained.  To 
tubes  projecting  from  the  wall  of  the  tubes  8  and  9 
manometers  can  be  connected  to  give  the  pressure  at 
the  entrance  and  exit  of  the  blood. 

The  hseniotacliometer  of  Vierordt,  devised  later 
than  Volkmann's  instrument,  but  earlier  than  Lud- 
wig's,  affords  another  means  of  estima- 
ting the  velocity  of  the  current.     It  is 
formed  of  a  metal  chamber  (Fig.  110), 
with  plain  glass  sides.    Projecting  from 
3    each  end  is  a  canule,  a  and  b.    In  the 
"    chamber  hangs  a  small  pendulum.  At- 
Pig.   110.— Vier-  tached  to  one  side  is  a  scale,  in  tlie  form 
taohomiteT"'  of  an  arc,  for  reading  off  the  deviations 
of  the  pendulum.   The  instrument  is  gra- 
duated by  forcing  water  through  the  chamber,  and  noting 
the  deviation  of  the  pendulum  with  different  veloci- 
ties. It  is  then  inserted  in  the  course  of  a  vessel,  and  the 
rapidity  of  the  current  estimated  by  the  deviation  of  the 
pendulum  interpreted  by  the  prepared  table  of  values. 
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Tlie  dromogi-apli  of  Lortet  and  Cliauveait  em- 
bodies the  same  idea  as  that  of  a  recordinar  instru- 
ment.  It  consists  of  a  tube,  represented  in  the  figure 
(Fig.  Ill)  in  cross  section,  t,  which  is  interposed  in 
the  course  of  the  blood-vessel.  A 
square  opening  on  one  side  of  the 
tube  is  closed  by  a  plate  of  caout- 
chouc. Projecting  into  the  tube 
and  piercing  the  caoutchouc  is  the 
flattened  end  s'  of  a  light  lever,  the  Fig.  111.— Dromo- 
long  thin  end  s  of  which  is  outside  gSuveau.^""'"'  """^ 
the  tube,  and  records  movements 
on  a  blackened  .surface.  The  lever  is  deflected  by  the 
current  of  blood,  and  a  curve  obtained  on  the  moving 
blackened  surface.  The  extent  of  the  deviation  can 
also  be  measured  by  a  scale  attached  to  the  instrument 
in  the  direction  of  the  axis  of  the  tube.  From  the 
upper  wall  of  the  tube  rises  another  tube  provided 
with  a  stop-cock,  which  can  be  placed  in  connection 
with  a  sphygmoscope  of  Marey  (page  234),  and  by  it  a 
record  of  pulse  movements  is  obtained  on  the  same 
blackened  surface  as  that  of  the  velocity.  One  great 
advantage  of  this  instrument  is  that  it  records  varia- 
tions of  velocity,  and  these  variations  can  be  com- 
pared with  the  movements  of  the  heart,  etc. 

The_si>liysrniog:i-ni>li  is  an  instrument  for  obtain- 
ing tracings  of  the  movements  in  arteries  which  consti- 
tute the  pulse.  While  the  kymographion  records  varia- 
tions of  blood  pressure,  the  sphygmograph  mav  be  said 
to  record  variations  of  arterial  tension.  It  Avas  ori.crinally 
devised  l,y  Vierordt,  but  in  tlie  form  given  to  it  by  him 
It  was  extremely  cumbersome.  It  has  been  modi  (led 
and  improved  by  Marey,  and  is  shown  applied  in  Fig. 
11-.  An  ivory  knob  on  the  end  of  a  steel  .spring  is 
placed  over  the  artery  for  receiving  its  movements, 
ihe  tension  of  the  spring  is  regulated  by  a  screw.  A 
fine  screw  h  rises  from  the  knob,  and  has  pressed 
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Fig.  112.— Marey's  Spbygmograpli  applied. 


con- 


against  it  a  toothed  wheel,  to  which  is  attached  the  lever 
c.  Every  movement  of  the  knob  is  communicated  by 
the  screw  to  the  wheel,  and  consequently  to  the  lever. 

The  movements  of 
the  lever  are  writ- 
ten, by  its  point,  on 
a  piece  of  smoked 
glass  or  card  cZ, 
carried  towards  c  by 
the  clockwork  below 
d.  The  instrument 
is  secured  to  the  arm  by  side  pieces  and  straps. 
Sphygmographs  have  also  been  constructed  on  the 
tambour  principle,  arrangements  being  also  made  to 
determine  by  weights  the  pressure  exerted  on  the 
artery,  and  to  vary  it  at  pleasure. 

The  sphygmoscope  of  Marey  (Fig. 
sists  of  a  small  glass  cylinder  2,  which 
has  two  openings,  one  of  which  is  closed 
by  an  indiarubber  tube,  leading  to  a 
registering  tambour,  whose  lever  is  in 
contact  with  a  recording  surface.  Into 
the  other  opening  is  tightly  fitted  a 
tube,  carrying  at  its  end  a  little  india- 
rubber  bag.  The  bag  and  tube  are  con- 
nected with  a  receiving  tambour,  whose 
membrane  has  attached  to  it  a  knob 
which  is  placed  over  an  artery.  The 
variations  of  pressure  in  the  receiving  tambour  are 
communicated  to  the  indiarubber  bag.  The  expansion 
of  the  indiarubber  bag  compresses  the  air  outside  of 
it,  i.e.  in  the  glass  cylinder,  and  consequently  aflects 
the  recording  lever.  Similarly,  the  diminution  of  the 
dir  in  the  bag  rarefies  the  air  in  the  cylinder.  For 
use  with  Lortet's  dron^ograph,  the  indiarubber  from 
the  bag  is  connected  directly  with  the  tube  projectmg 
upwards  from  the  instrument  tied  in  the  blood-vessel. 


Fig.U.S— Srhys- 
nioscnpe  of 
Mfirey. 
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The  gas  sphygiuoscope  is  a  little  metal  cham- 
ber, having  a  tube  projecting  from  the  top  and  one 
projecting  at  one  side,  and  having  the  bottom 
formed  of  a  delicate  membrane.  Gas  is  led  by  the 
side  tube  into  the  chamber,  and  out  by  the  top  tube. 
From  its  exit  pipe  the  gas  is  led  to  a  glass  tube,  bent 
upwards,  and  drawn  to  a  fine  point,  so  that  when  the 
gas  is  lit,  a  fine  pointed  flame  is  produced.  The  little 
chamber  is  then  placed  with  its  membrane  over  an 
artery.  The  movements  of  the  pulse  cause  variations 
of  pressure  in  the  gas,  and  these  are  signified  by  regu- 
lar up  and  down  movements  of  the  flame. 

The  spliyg-mophone  is  an  adaptation  of  the. 
gas  sphygmoscope,  after  the  method  used  for  obtaining 
a  sound  from  the  hydrogen  flame.  A  long  glass 
tube  of  suflicient  diameter  is  brought  down  over  the 
gas  jet,  which  is  permitted  to  burn  inside  the  wider 
tube.  The  long  tube  is  brought  down  till  a  pecu- 
liar note  is  produced  by  the  vibrations  of  the  flame. 
If,  now,  the  gas  chamber  be  placed  over  the  pulse, 
something  like  beats  will  be  produced  in  the  tone,  due 
to  the  variation  of  the  jiulse. 

In  a  similar  way  A  pulse  alarum  might  be  con- 
structed by  means  of  a  very  small  chamber,  with 
movable  bottom,  and  glass  tube  projecting  upwards. 
The  chamber  is  filled  with  mercury,  which  is  also 
allowed  to  rise  some  way  in  the  tube.  Plunged  in 
the  mercury  in  the  tube  is  a  copper  Avire,  forming 
part  of  the  circuit  of  an  electric  bell.  A  second  wire, 
completing  the  circuit,  is  passed  down  the  tube,  just 
so  far  that  when  the  mercury  rises  with  the  pulse 
wave  contact  is  made,  and  when  the  mercury  falls 
with  the  vessel's  recoil,  contact  is  broken.  The  bell 
will  ring  each  time  contact  is  made,  and  will  thus 
indicate  the  rai)idity  of  the  pulse  waves. 

Before  leaving  tliis  subject  of'tlie  mechanics  of  tlie 
circulation  it  may  not  be  out  of  place  to  describe  a 
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method  of  studying  and  registering  movements  of  tlie 
heart  under  varying  conditions.  ' 

The  frog-licart  apparatus   of  Lndwig  and 
pupils  affords  a  most  valuable  and  interesting  means 
of  studying  the  heart,  a  means  not  very  widely  knovm 
in  this  country.    The  apparatus  is  shown  m  Fig.  lU 
It  consists  of  two  tubes  (1  and  1) 
similar  to  the  burettes  used  for 
quantitative  chemical  analysis,  and 
marked  off  into  tenths  of  a  cubic 
centimetre.     They  communicate 
with  one  outlet,  guarded  by  a  two- 
way  stop-cock.     The   tubes  are 
supported  on  a  stand,  and  in  the 
same    frame    is    held   a  small 
mercury  manometer  m,  one  limb 
of    which   is    turned    and  pro- 
longed downwards,  so  that  it  opens 
at  the  same  level  as  the  burette 
outlet.    A  branch  of  the  same 
limb  is  also  prolonged  upwards 
and  backwards  and  is  guarded  with  a  stop-cock._  The 
limb  m  contains  a  fine  stem  of  glass  floating  m  the 
mercury  by  a  bulbous  extremity,  the  projecting  end 
being  bent  at  right  angles  and  terminating  m  a  point 
s  for  writing  on  a  blackened  revolving  cylinder,    i  or 
fixing  the  frog  heart  to  the  apparatus,  the  Ivronecker 
heart  canule,  shown  in  the  upper  part  of  the  figure, 
is  used.    It  is  divided  into  two  compartments,  one 
communicating  with  the  branch  A,  and  the  other  with 
the  branch  B.    To  each  of  the  branches  is  attached  a 
short  piece  of  caoutchouc  tubing.   A  frog  haying  been 
pithed  and  its  spinal  cord  destroyed,  the  thorax  is 
opened  and  the  heart  exposed     The  P<\"^-^\-"l,;^ 
opened  in  front,  the  heart  turned  over,  and  a  ^eij  fa  e 
vessel  passing  from  the  pericardium  to  the  back  of  t  e 
heart  ligatured.    The  sinus  venosus  is  now  opened  by 


Fig 
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Apparatus. 
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a  snip,  and  the  canule  passed  through  it,  and  through 
the  auricle  into  the  ventricle,  where  it  is  bound.  This 
is  an  operation  of  some  difficulty.  The  binding  should 
be  above  the  auriciilo-ventricular  furrow.  The  heart, 
attached  to  the  canule,  is  then  separated  from  the 
body,  and  the  canule  connected  on  the  one  hand  with 
the  outlet  tube  of  the  burettes,  on  the  other  with  the 
manometer  tube.  Into  one  burette  is  placed  a  solution 
consisting  of  one  part  of  defibrinated  rabbit's  blood,  and 
two  parts  salt  solution  (-6  per  cent.).  The  burette  is 
closed  with  a  coi'k,  thi^ough  which  passes  a  tube  which 
dips  into  the  fluid,  and  so  maintains  a  constant  pressure, 
on  the  principle  of  Marriotte's  bottle  (page  210).  On 
now  opening  the  stop-cock  connected  with  the  biu-ettes 
and  that  of  the  manometer,  the  blood  will  flow  into 
and  All  the  heart,  pass  through  it  into  the  limb  of  the 
manometer,  and  if  allowed  to  flow  will  issue  by  the 
upward  branch,  below  which  a  vessel  g  should  be 
placed  to  receive  it.  If,  however,  the  manometer  cock 
be  closed,  the  blood  will  dilate  the  heart,  and  if,  when  it 
is  fully  dilated,  the  burette  cock  be  closed,  then,  on  the 
heart  conti-acting,  the  blood,  finding  no  other  way  of 
escape,  will  be  forced  into  the  short  limb  of  the  mano- 
meter, and  will  depress  the  column  of  mercury  there. 
The  column  in  the  long  limb  will  consequently  be 
raised,  and  the  glass  float  with  it,  the  recording  point 
of  the  float  marking  the  ascent  on  the  blackened  sur- 
face. When  the  heart  relaxes  the  blood  will  return, 
tlie  mercuiy  will  fall  to  its  original  level,  and  the 
descent  will  be  recorded.  By  this  arrangement  a 
heart  may  be  kept  alive,  rhythmically  beating  for 
hours,  and  curves  of  its  movements  obtained  on  a 
revolving  cylinder.  Every  no\v  and  again  the  stop- 
cocks require  to  be  opened  to  give  a  fresh  supply  of 
blood  to  the  heart.  The  little  vessel  h  is  filled  with 
•6  per  cent,  salt  solution,  and  brought  up  so  that  the 
heart  on  the  end  of  the  canule  dips  into  it  and  is  kept 
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moist.  The  effect  of  heat  or  cold  can  be  stupied  by 
surrounding  the  vessel  h  by  an  outer  vessel  con- 
taining hot  or  cold  water,  and  a  thermometer  in 
the  salt  solution  will  give  the  temperature.  The 
little  projecting  wire  c  on  the  canule  is  for  at 
taching  a  copper  wire  to  be  carried  to  one  of  the 
binding  screws  of  a  key.  Another  wire  from  the 
other  bindmg  screw  dips  into  the  salt  solution  sur- 
rounding the  heart  by  p'^ssing  down  the  tube  of  A. 
A  little  mercury  in  the  bottom  of  this  vessel  will  make 
the  connection  better.  By  this  means  shocks  may  be 
sent  to  the  heart,  and  tracings  of  the  effect  of  electric 
currents  obtained.  Into  the  second  burette  may  be 
placed  a  blood  solution,  similar  to  that  in  the  first,  but 
having  in  addition  a  small  quantity  of  ether,  chloroform, 
or  other  substance.  By  turning  the  cock  the  proper 
way  any  required  quantity  of  the  drugged  blood  may 
be  sent  to  the  heart  and  its  eff'ects  recorded. 

The  projection  c  of  the  canule  (Fig.  114)  is  for  the 
attachment  of  a  wire  from  an  induction  coil.  The 
second  wire  from  the  coil  is  passed  into  the  bottom  of 
the  vessel  h  in  which  the  heart  is  placed.  A  little 
mercury  is  poured  into  the  vessel,  and  into  it  the  wu-e 
dips.  The  heart  is  thus  in  the  circuit  of  the  coil,  and 
effects  of  shocks  of  electricity  may  be  studied. 

Lauder  Brunton  has  shown  a  simple  way  of 
demonstrating  the  effect  of  heat  and  poisons  on  the  frog 
heart.  He  cuts  out  the  heart,  places  it  on  a  copper 
plate,  and  lays  ovar  it  a  light  lever  of  straw  or  some 
such  material.  The  lever  indicates  the  heart's  pulsa- 
tions. On  heating  the  plate,  by  means  of  a  spirit 
lamp,  the  heart's  pulsations  are  quickened,  on  cooling 
with  ice  they  are  slowed. 

Marey  has  devised  a  pair  of  light  forceps  for 
grasping  the  heart  in  situ,  the  thorax  being  opened. 
Only  one  limb  of  the  forceps  can  move ;  and  a  lever 
in  connection  writes  on  a  blackened  surface. 


CHAPTER  XXIT. 


CAPILLARITY,  DIFFUSION  OF  LIQUIDS,  AND  OSMOSIS, 
THEIR  APPLICATION  TO  THE  PHYSIOLOGY  OF  AB- 
SORPTION AND  SECRETION. 

We  have  had  under  consideratioii  certain  elementary- 
laws  applicable  to  masses  of  liquids.  There  are,  how- 
ever, phenomena  exhibited  by  liquids  which  are 
capable  of  explanation  only  by  supposing  that  the 
ultimate  molecules  of  all  liquids  exert  forces  on  one 
another,  and  on  solid  bodies  with  which  they  may  be 
m  contact ;  in  the  one  case  the  force  is  that  of  cohesion, 
in  the  other  that  of  adhesion.  Or,  to  put  the  terms  in 
a  more  general  way,  for  they  are  equally  applied  to 
solid  and  liquid  bodies,  attraction  between  the  mole- 
cules of  the  same  body  is  cohesion,  and  between 
different  bodies  in  contact,  adhesion. 

Cohesion. — The  molecules  of  a  body  mutually 
attract  one  another  with  a  certain  intensity  in  all 
dii-ections.  In  liquids  the  intensity  of  the  cohesion 
is  not  great,  the  molecules  are  readily  displaced, 
and  hence  the  ease  with  which  a  mass  of  liquid 
suits  itself  to  the  vessel  which  contains  it.  Still, 
the  cohesion  of  liquids  is  manifested  in  various 
common  phenomena.  Thus,  a  drop  of  water  falling 
freely  assumes  the  spherical  form,  and  this  is  due  to 
the  mutual  attraction  of  all  its  molecules.  Again,  a 
globule  of  mercury  on  a  plate  of  glass  or  wood  main- 
tains a  more  or  less  spherical  form  ;  and  it  does  this 
against  the  force  of  gravity,  which  tends  to  flatten  out 
the  globule,  to  destroy  the  spliere.  If,  however,  the 
drop  becomes  very  large,  then  the  form  is  generally 
altered ;  it  becomes  flattened.    This  is  because  the 
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mass  of  the  mercury  in  its  spherical  shape  has  become 
too  great  for  the  force  of  cohesion  to  support  agamst 
crafty.     Consider,    now,  the  free  surface  of  any 
liquid,  it  is  easy  to  see  that  the  molecules  on  the  sur- 
face are  attracted  by  tlae  molecules  deeper  m  the  fluid 
but  have  no  molecular  attraction  beyond  them,  ine 
attraction  is,  therefore,  towards  the  deep  part  of  the 
liquid     At  the  surface  of  liquids,  in  consequence,  a 
force  is  directed  inwards,  which  is  called  the  surface 
TENSION  of  the  liquid.    It  is  this  phenomenon  of  co- 
hesion in  particular  which  determmes  the  spherical 
form  of  drops  already  noted.    Some  very  mterestmg 
experiments  on  surface  tension  may  be  made  witii 
camphor.     Drop  a  minute  piece  on  the  surface  of 
perfectly  clean  water;  it  is  driven  about  in  various 
directions,  owing  to  the  fact  that  the  ^^^^^^/^^^^^^^^^ 
pure  water  is  much  greater  than  that  of 
water.      The   solution   of  the   camphor,  theief 01  e, 
diminishes  the  surface  tension  in  its  neighbourhood 
and  currents   are  produced  in   aU  directions,  ihe 
solution  being  quicker  in  some  places  ^l^^^^^  °^^!^:: 
the  strength  of  the  currents  varies,  and  so  the  t^ag 
ment  is  driven  about  in  a  distracted  manner     If  a 
small  block  of  charcoal  be  taken,  and  coated  w  th 
paraffin,  and  if  at  each  end,  on  ^Pf^^*^^/^^^' 
of  the  paraffin  be  removed,  and  a  drop  of  some 
fssentlaf oil  put  on  the  charcoal,  -^1*^-^4^^; 
coal  be  dropped  on  the  surface  of  water,  it  will  not 
be  drven  tJ^and  fro,  bat  will  be  turned  round  and 
round.     This  is  due  to  the  diflerence  of  surface 
^enSon  between  the  water  a^d  essential  01  at  the 
two  ends  on  opposite  sides  actmg  as  a  couple. 

Adhesion  of  a  liquid  to  a  solid  body  is  shown 
when  a  perfectly  clean  piece  of  glass  is  dipped  m  o 
w     On  removinc^  it  water  is  found  adhering  to 
;is  surface     Oi  if  a  drop  of  water  be  placed  on  a  per- 
fcctlytSn  glass  plate:  the  drop  of  water  does  not 
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retain  its  spherical  form,  but  spreads  itself  over  the 
smooth  glass  surface.    That  is  to  say,  the  force  of 
adhesion  between  the  molecules  of  the  glass  and  those 
of  the  liquid  has   overcome  the   force    of  cohesion 
between  the  molecules  of  the  liquid.     A  drop  of  mer- 
cury, however,  will  not  lose  its   spherical  form  on 
being  placed    on  a  perfectly   clean   glass  surface. 
That  is  to  say,  the  cohesive   force  exerted  between 
the  molecules  of  the  mercury  is  able  to  overcome 
the  attractive  action  exerted  by  the  molecules  of  the 
glass  on  those  of  the  mercury.     Other  liquids  exhibit 
similar  phenomena,  some  adheiing,  others  not  adhering, 
so  that  the_  degree  of  adhesive  force  varies  with  the 
liquid.    This  is  put  in  simpler  language  when  it  is 
said  that  the  water  wets  the  glass,  but  the  mercury 
does  not.   But,  while  water  wets  glass,  it  will  not  wet 
some  other  substances.   Thus,  if  the  glass  were  greasy, 
the  drop  of  water  would  retain  its  spherical  form  and 
would  readily  roll  off  the  plate.    And,  again,  while 
mercury  does  not  wet  glass,  it  will  adhere^o  copper ; 
so  that  the  degree  of  adhesive  force  depends  both  on 
the  nature  of  the  liquid  and  of  the  solid  body  with 
which  the  liquid  is  in  contact. 

Capillarity—These  facts  are  held  as  affording 
the  explanation  of  capillary  action.    If  a  glass  tube 
ot  narrow  bore  be  plunged  vertically  into  a  vessel  of 
water,  the  water  will  rise  in  the  capillary  tube  above 
the  level  of  the  surface  of  the  water  in  the  vessel  The 
surface  of  the  water  in  the  tube  will  not  be  horizontal 
but  will  present  what  is  called  the  conhave  meniscus 
{mu^nKo,,  a  crescent).     The  surface,  thnt  i.s,  will  be 
curved,  a  depression  exi.sting  in  the  centre,  and  tlie 
water  rising  where  it  is  in  contact  with  the  walls  of 
the  tube.    This  fact  of  the  ascension  of  water  in  a  very 
narrow  tube  was  noted  at  the  commencement  of  the 
seventeenth  century  by  an  Italian  physicist     It  was 
snpposod  for  a  time  to  be  due  to  the  action  of  the 
9  —  / 
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atmosphere,   till,    in  1705,    experiments   made  by 
Hawksbee,  at  Gresliam  College,  showed  the  action 
to  occur  in  vacuo  as  well  as  in  air.    The  explanation 
is  that  the  force  of  attraction  exerted  by  the  w-alls  ot 
the  tube  on  the  liquid  molecules  in  contact  with  them 
overcomes  the  force  of  cohesion  of  the  hquid  mole- 
cules for  one  another,  and  raises  the  water  where  it^is 
in  contact,  causing  thus  the  depression  towards  tiie 
centre  As  a  result  of  this  attractive  force  of  adhesion, 
the  pressure  on  that  part  of  the  surface  of  the  water 
in  contact  with  the  tube  is  less  than  the  pressure  on 
the  rest  of  the  liquid,  by  the  amount  of  tlie  force  ot 
adhesion.    In  consequence  of  the  diminution  of  pres 
sure  the  water  rises  in  the  tube,  and  will  rise  till 
the  column  of  water  reaches  a  height  above  the  rest  ot 
the  surface  that  will  exert  a  weight  equal  to  the  iorce 
of  adhesion.    This  force  of  gravity,  bemg  equal  and 
opposite  in  direction  to  the  force  of  adhesion,  counter- 
balances it,  and  thus  tlie  liquid  comes  to  rest  at  a  cer- 
tain distance  up  the  tube.  x 

It  has  been  found  that  wherever  the  liquid  wets  the 
tube  the  height  of  the  capillary  ascent  depends  on  the 
liquid,  and  on  the  temperature  (diminishing  with  m- 
creasing  temperature),  but  not  on  the  material  of  the 
Sbe.    With  the  same  liquid,  the  extent  of  elevation 
varies  inversely  as  the  diameter  of  the  tube.  That  is,  the 
narrower  the  tube,  the  higher  the  ascent,  and  vxce  vers^ 
On  the  other  hand,  if  the  force  of  cohesion  is  suffi- 
cient to  overcome  the  force  of  adhesion,  then  the  iquid 
Hhe  tube  assumes  the  convex  mexiscus,  the  hquid 
in  the  immediate  ueighbourhood  o^/?^^ 
tube  is  depressed,  and  elevated  towai-ds  the  centie.  The 
hquid  does  not  wet  the  tube.    As  already  ™ent^°";d^ 
thi^  is  the  case  with  mercury  in  a  glass  tube.   Instead  of 
a  ca^  lUry  ascent  of  the  liquid,  there  is  a  depression 
below  the  level  of  the  surface  of  the  flmd  outside  of  the 
tube  This  depression  is  explained  on  similar  grounds  to 
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the  ascent.  The  surface  tension  of  the  liquid  is  in  this 
case  increased  ;  but,  by  the  law  of  equal  transmission 
of  pressure,  the  increased  pressure  within  the  tube 
cannot  be  permitted  to  remain.  Consequently,  the 
liquid  falls  in  the  tube  till  it  is  depressed  so  far  below 
the  level  of  the  outer  liquid,  that  the  column  of  liquid 
representing  the  difference  Avould  exert  a  pressure  equal 
to  the  increased  pressure  produced  within ;  ancl  so 
equilibrium  is  restored. 

In  the  case  of  the  convex  meniscus  the  depression 
of  the  liquid  is  in  the  inverse  ratio  to  the  diameter  of 
the  tube.  The  result  is,  however,  in  this  case  affected 
by  the  nature  of  the  material  forming  the  tube.  Thus, 
the  depression  of  mercury  in  a  tube  of  iron  is  greater 
than  the  depression  of  mei'cury  in  a  tube  of  platinum 
of  the  same  bore.  It  also  varies  with  the  nature  of 
the  liquid  and  the  temperature,  diminishing  with  an 
increasing  temperature. 

Suppose,,  then,  that  a  vertical  glass  tube,  wide 
enough  to  permit  the  neglect  of  capillary  phenomena, 
communicates  with  a  vertical  capillary  tube,  and  that 
water  is  poured  into  the  wide  tube.  The  water  will 
rise  in  the  capillary  tube  considerably  above  the  level 
of  the  water  in  the  wide  tube,  because  of  the  diminution 
oi  hydrostatic  pressure  by  the  force  of  adhesion.  If  a 
similar  tube  contain  mercury,  then  the  mercury  will 
be  depressed  in  the  capillary  tube  considerably  below 
the  level  of  that  in  the  wide  tube,  because  of  the  in- 
creased hydrostatic  pressure. 

Capillary  phenomena  of  a  similar  character  ai-e 
observed  if  two  plane  surfaces  be  brought  near 
enough  to  one  another,  whether  parallel  or'  inclined 
to  one  another.  IC  they  are  inclined  to  one 
another,  then  a  small  quantity  of  a  liquid  that  wets 
the  surface  placed  between  them  will  move  from  the 
wide  to  the  narrow  end  ;  and  if  tho  liquid  does  not 
wet  tliem  it  will  move  in  the  opposite  direction. 
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Indeed,  the  phenomena  are  exhibited  when  any 
solid  body  is  plunged  into  a  liquid.  At  the  surfaces  in 
contact  the  liquid  is  either  raised  or  depressed,  accord- 
inc'  as  the  force  of  adhesion  or  cohesion  sufficiently 
predominates. 

The  capillary  electrometer.— It  was  know 
for  some  time  that  if  a  globule  of  mercury  m  dilute 

sulphuric  acid  was 
placed   in  contact  with 

 °J      the   positive  pole  of  an 

"  element,    while  the 

Fig.  llo.-CapiUary  ElectroB^eter.    ^^^^^^^^^     ^^^g     ^as  in 

the  sulphuric  acid,  on  the  passage  of  a  current  of 
electricity  the  globule  would  move  towards  the  nega- 
tive pole.     By  interrupting  and  re-establishmg  the 
current  oscillations  of  the  globule  are  produced,  due  to 
changes  in  the  surface  tension  of  the  mercury  m  contact 
with  the  acid.    The  phenomena  are  more  marked  it 
the  mercury  be  contained  in  a  capillary  tube.    A  tube 
suitable  for  the  production  of  the  phenomena  was  hrst 
constructed  by  Lippmann.    It  "  consists  of  a  tube  ot 
ordinary  glass,  one  metre  long  and  seven  millimetres 
in  diameter,  open  at  both  ends,  and  kept  m  a  vertical 
position  by  a  stout  support.    The  lower  end  is  drawn 
into  a  capillary  point,  until  the   diameter  of  the 
capillary  is  -005  of  a  millimetre.    The  tube  is  filled 
with  mercury,  and  the  capillary  point  is  immersed  in 
dilute  sulphuric  acid  (1  to  6  of  water  m  volume)  and 
in  the  bottom  of  the  vessel  containing  the  acid  there 
is  a  little  more  mercury."    A  platinum  wu-e  is  con- 
nected with  the  mercury  in  the  tube,  and  another  with 
the  mercury  in  the  outer  vessel  contaimng  the  acid. 
The  capillary  tube  can  be  brought  to  the  side  of  the 
outer  vessel,  and  viewed  through  a  microscope  and  an 
oscillation  perceived  due  to  an  extremely  feeble  cur- 
rent.   A  modification  of  the  instrument  li^s  ^•^^^'^^^ 
been  devised  by  Professor  McKendnck  of  Glasgow, 
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which  renders  it  easy  for  any  one  to  make  a  capillary 
electrometer  for  himself  of  sufficient  delicacy  to  in- 
dicate the  muscle   current,  negative  variation,  the 
current  from  the  isolated  beating  heart  of  the  froo-, 
etc.    It  is  represented  in  Fig.  115.    A  small  piece  of 
narrow  glass  tubing  is  taken,  and  drawn  into  a  fine 
capillary  in  the  middle.    Each  end  is  bent  up.  Some 
clean  mercury  is  placed  in  a  glass  and  covered  by 
dilute  sulphuric  acid  (I  to  20  of  water  by  volume). 
One  end  of  the  tube  is  dipped  under  the  surface  of 
the  mercury,  and  suction  applied  by  the  mouth  at  the 
other  end  till  the  mercury  appears  at  the  wide  end 
next  the  mouth.     By  raising  the  lower  end,  a  little 
acid  IS  permitted  to  enter  the  tube,  and  then  a  little 
more  mercury  is  sucked  in.     After  a  little  practice 
one  IS  able  so  to  fill  the  tube  that  mercury  occupies 
each  end,  and  a  fine  thread  of  mercury  passes  from 
each  end  into  the  capillary,  the  centre  of  which  is 
occupied  by  acid.    In  the  figure  the  dark  portion  in- 
dicates the  mercury,  the  clear  part  c  in  the  middle 
ot  the  capillary  is  the  dilute  acid.    No  air-buhhle  -imist 
be  fermttted  in  the  tube.     The  tube  should  be  sup- 
ported m  a  frame,  which  can  be  laid  on  the  stage  of  a 
microscope.    A  platinum  wire  dips  into  the  mercury 
at  each  end  a  b  of  the  tube ;  and  the  other  end  of 
the  wires  should  be  attached  to  binding  screws  on  the 
frame.    The  capillary  is  easily  made  fine  enough  to 
be  viewed  by  a  lens  magnifying  300  to  500  diameters. 
J-O  put  the  electrometer  in  circuit  with  the  non- 
polarisable  troughs,  all  that  is  necessary  is  to  connect 
the  binding  screws  of  the  frame  to  the  trourdis  bv 
wires,  one  screw  to  one  trougli,  a  key  being  interposed 
m  the  circuit.    After  placing  a  muscle  on  the  trouglis 
in  the  usual  way  (see  page  117),  on  looking  down  the 
microscope,  and  then  closing  the  key,  the  movement 
ot  the  mercury  will  be  seen.    To  obtnin  a  very  sensi- 
tive instrument,  clean  mercury,  clean  glass  tubing,  and 
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clean  acid,  with  a  little  practice  in  making  the  instru- 
ment, are  all  that  is  necessary. 

Capillarv  action  in  porous  bodies,  imm- 

Ibition  Porous  bodies  may  be  considered  as  bodies 

traversed  in  certain  directions  by  capillary  tubes. 
Into  the  interstices  of  such  porous  bodies  liquids  are 
capable  of  entering  by  capillary  attraction,  ibus 
a  porous  body  plunged  into  water  is  permeated  by 
the  liquid,  which  remains  after  the  body  has  been 
wfthdLvn  from  the  mass  of  liquid.  This  is  called  imbi- 
bition.  The  fluid  may  be  expelled  by  pressure     it  is 
thus  that  a  sponge  takes  up  a  large  quantity  of  water 
expelled  on  squeezing.     All  animal  and  vegetable 
tissues  are  porous,  even  though  the  microscope  may 
not  be  able  to  reveal  the  presence  of  the  interstitial 
snaces     All  the  tissues  of  the  animal  bouy  are,  ac- 
cord n.ly,  permeated  by  the  fluids  of  the  body.  The 
flexibility:  Tnd  silky  lustre  of _  tendons  are  due  to  he 
fluid  mechanically  retained  in  the  tissue      Let  the 
tissue  be  exposed  till  it  becomes  dry,  it  wi   t  en  haNe 
STts  lustil  and  a  great  degree  of  its  Aexibili  y^^^^^^^^^ 
^iU  have  become  transparent     It  ^^^^^  ^^^^^^.^^ 
than  before  by  the  amount  of  water  it  has  los*-  ^u 
let  it  be  immersed  in  water  for  a  tune,  much  of  its  lost 
/properties  will  be  restored,  and  its  weight  will  also 
hive  been  restored  by  the  amount  of  water  imbibed 

Ye  low  elastic  tissue,  cartilage,  the  cornea  of  the 
eye  cdve  results  of  a  like  sort.    The  organic  tissue 
Sch-  s  wood,  exhibit  similar  phenomena.    But  such 
issue?  placed  in  water  will  imbibe,  not  only  their 
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forces  are  able  to  overcome  the  forces  of  recoil,  biit  as 
soon  as  sufficient  resistance  has  developed,  the  two 
forces  come  to  be  in  equilibrium,  and  further  imbibi- 
tion ceases.  The  forces  which  determine  imbibition 
are  sometimes  enormous.  As  an  example,  take  the 
splitting  asunder  of  rock  by  means  of  wedges  of  dry 
wood  placed  in  clefts  and  then  allowed  to  imbibe  water. 
Varioiis  observers  have  made  a  large  number  of  ex- 
periments on  the  differences  of  imbibition  dependent 
on  the  nature  of  the  liquid  into  which  the  solid  body 
is  plunged.  Some  of  those  made  by  Liebig,  and  pub- 
lished in  1848,  in  his  Recherches  su7-  quelqaes-iines  des 
causes  du  mouvement  des  liquides  dcms  I'organisme 
animal,  may  be  quoted  here.  100  parts  by  weight  of 
dry  ox-bladder  took  up,  in  2i  hours,  268  volumes  of 
pure  water  ;  the  same  quantity  in  a  saturated  solution 
of  sea  salt  took  up  only  1.33  volumes  ;  a  third  quantity 
took  up  38  of  alcohol  (84  per  cent.),  and  a  fourth  17 
01  oil  of  marrow.  "  Of  all  liquids,  pure  water  is  taken 
up  in  the  lai'gest  quantity  ;  and  the  absorptive  power 
for  solution  of  salt  diminishes  in  a  certain  ratio  as  the 
pi'oportion  of  salt  increases.  A  similar  relation  holds 
between  the  membranes  and  alcohol  ;  for  the  mixture 
of  alcohol  and  water  is  taken  up  more  abundantly 
the  less  alcohol  it  contains."  The  same  has  been  found 
to  hold  good  for  other  animal  tissues.  The  extent  of 
imbibition  depends,  therefore,  both  on  the  tissue  and 
on  the  liquid  which  moistens  it.  Membrane  has  less 
affinity  for  brine  than  for  pure  water.  If  salt  be 
sprinkled  on  a  membrane  whose  pores  are  occupied 
with  pure  water,  the  water  dissolves  some  of  the  salt, 
formiug  a  solution,  and  this  brine  solution  dilFuses 
itself  through  the  bladder.  The  pores  of  the  mem- 
brane come  to  be  occupied  by  salt  solution  instead 
of  pure  water  ;  but  tho  membranes  can  contain  less 
of  salt  solution  than  of  pure  water,  and,  conseqiu'iitly, 
it  has  to  exjjel  a  quantity  of  the  water,  which  collects 
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on  its  surface  in  drops.  Similarly,  a  membrane 
■which  contains  water  in  its  pores,  on  being  placed  in 
alcohol,  expels  a  considerable  quantity  of  water, 
because  it  can  contain  of  alcohol  only  about  one- 
seventh  of  what  it  can  contain  of  water.  As  a  result 
of  this  expulsion  of  water,  the  texture  shrinks. 

DiflTiisioii  of  liquids. — Difi'erent  liquids  exercise 
attractive  forces  between  their  molecules,  just  as  the 
molecules  of   a    solid  body  and  those  of  a  liquid 
coming    into    contact    develop    attractive  forces. 
When  one  liquid  is  in  contact  with  another,  if  the 
force  of    attraction    exercised    between   the  mole- 
cules of  the  one  liquid  and  those  of  the  other  are 
greater  than  the  forces  of  cohesion  exercised  between 
the  molecules  of  each  liquid  separately,  then  the  two 
liquids  will  be  capable  of  advancing  into  one  another's 
substance,  that  is,  will  be  miscible.    If,  however,  the 
forces  of  cohesion  between  the  molecules  of  one  liquid 
are  sufficient,  they  are  superior  to  the  force  of  attrac- 
tion exerted  by  the  other  liquid ;  and  the  liquids 
remain  separate  and  independent.      They  are  not 
miscible.    Of  this  nature  are  water  and  oil,  and  water 
and  mercury.  When  the  diffisrent  liquids,  then,  whose 
molecules  mutually  attract  one  another,  are  placed  in 
contact  with  one  another,  they  proceed  to  mix,  and 
in  time  the  mixture  will  become  uniform.     This  is 
called  DIFFUSION.  _ 

A  similar  thing  occurs  when  a  liquid  dissolves  a 
solid  body  with  which  it  is  in  contact  The  liquid  over- 
comes the  force  of  cohesion  between  the  molecules  of 
the  solid  body,  separates  them,  and  the  two  then  form 
a  homogeneous  liquid.  A  point  is  reached  when  the 
liquid  is  unable  to  overcome  any  more  the  cohesion 
between  the  molecules  of  further  quantities  of  the 
foreif'-n  body.  In  this  case  the  point  of  saturation  of 
the  liquid  is  reached.  This  point  of  saturation  varies 
with  the  solid  body,  and  the  liquid  which  dissolves  it. 
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The  phenomena  and  laws  of  diffusion  were  studied 
at  great  length  and  with  much  care  by  Graham. 
Graham  employed  in  his  experiments  what  he  terms 
a  diffusion  cell.    It  consisted  of  a  4-ounce  phial,  the 
mouth  and  bottom  of  which  were  ground  flat.  This 
phial  was  filled  up  to  the  base  of  the  neck  Avith  the 
solution  for  diffusion.    The  bottle  wtis  then  placed  in 
a  cylindrical  jar  with  a  flat  bottom  ;  and  when  in  the 
jar  it  was  filled  up  to  "the  mouth  with  distilled  water 
in  such  a  way  as  to  prevent  mixing  of  the  water  and 
the  solution  by  movement.    Distilled  water  was  then 
placed  in  the  jar  till  it  stood  one  inch  above  the 
mouth  of  the  phial.  By  this  means  the  saline  solution 
communicated  freely  with  the  distilled  water.  After 
the  phial  had  been  allowed  to  stand  undisturbed  in 
the  jar  for  a  varying  time,  its  mouth  was  closed  with 
a  plate  of  glass ;  it  was  then  lifted  out  of  the  jar,  and 
tests  were  employed  to  find  how  much  of  the  salt  had 
found  its  way  out  of  the  phial  into  the  surroundina 
distilled  water.  ° 
As  the  result  of  many  experiments,  Graham  found 
that  the  rate  of  difi'usion,  the  speed,  that  is,  with 
■which-  the  diflerent  fluids  mixed,  varied  with  the 
degree  of  concentration  of  the  solution.    If  the  solu- 
tion were  very  concentrated  it  proceeded  fast  if  less 
more  slowly;  and  the  mte  was  in  direct  proportion 
to  the  concentration.  At  first,  therefore,  the  diffusion 
trom  the  cell  would  proceed  with  a  certain  degree  of 
rapidity.    But  as  the  salt  diffused,  the  concentration 
would  be  duninished,  and  would  be,  besides,  no  longer 
into  distilled  water  but  into  water  plus  the  quantity 
ot  salt  a  ready  diflused.    As  a  result  the  rate  would 
constantly  decrease,  and  when  the  liquid  outside  of 
the  difiusion  cell  had  gained  so  much  salt  as  to  be 
nearly  of  the  same  density  as  the  liquid  in  the  cell 
the  rate  would  be  very  slow  indeed,  though  the 
diffusion  would  not  cease  till  both  solutions  were  of 


250  Physiological  Physics.      [ciiap.  xxu. 

the  same  density.     In  Gr'aham's  own  words,  "  the 
diffusion    must    necessarily   follow   a  dimmishmg 
pi-o<Tression."     Secondly,   Graham  found   that  tem- 
perature   affected    the   result,  the   rate  increasing 
apparently  in  direct   proportion  with  the   rise  ot 
temperature.      Thirdly,  the   rate    of    diffusion  for 
different  salts  was  ditierent.    Each  salt  had  its  o%yii 
rate  of  diffusion.    Thus,  under  the  same  conditions, 
69-32  grains  of  sulphuric  acid  diffused  m  the  same 
time  occupied  by  58  68  of  chloride  of  sodium,  ol-56 
of  nitrate  of  soda,  27-42  of  sulphate  of  magnesia, 
96-74  of  crystallised  cane-sugar,  13-24  of  gum  arable, 
and  3-08  of  albumen.    In  another  scries  of  experi- 
ments the  following  ratios  were  ol<lamed :  Chloride 
of  sodium,  100;  hydrate  of  potash,  151-93 ;  ammoma 
(10  per  cent,  solution),  70  ;  alcohol,  75-74.    "  The  most 
remarkcMe  resiolt  is  the  diffusion  of  albumen,  winch  u 
low.  out  of  all  i^roportiornvhen  covipared  with  satine 
bodies  "    A  result  of  sreat  interest  is  that  "  albumen 
does 'not  impair  the  diffusion  of  salts  dissolved  together 
with  it  in  the  same  solution,  although  the  liquid 
retains  its  viscosity."  Thus,  chloride  of  sodium,  urea, 
and  sugar  iii  solution  were  found  to  diffuse  as  freely 
out  of  a  solution  of  egg  albumen  as  out  of  pure 

'""^^A  series  of  experiments  was  also  made  with 
solutions  of  two  salts,  which  could  be  mixed  without 
combining.  Thev  were  found  to  dittuse  sepaiately, 
but  usuallv  the  salt  of  lower  diffusibility  had  us  rate 
of  diffusion  somexvliat  lowered,  so  that  the  dil  erence 
in  tlie  rates  of  diffusion  of  the  two  ^iffevenj  salts  w^ 
rather  inc-eased  by  mixture.  This  seemed  to  Giaham 
tfaffbrra  method  by  which  ditierent  salts  mig  it  be 
separated  from  one  another.  Thus  potash  salts  are 
StLive  than  soda  salts  a.d  ^  ^^^^J, 
both  be  put  into  a  diffusion  cell  the  potash  salts  nviU 
diffuse  more   rapidly  into  the  surroundmg  water, 
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leaving  soda  salts  in  a  more  concentrated  form  in  the 
cell. 

Salts  can  be  even  decomposed  by  diffusion.  Tims 
from  a  solution  of  bisulphafce  of  potash  placed  in  a 
cell  the  sulphuric  acid  was  found  to  diffuse  to  about 
double  the  extent,  in  equivalents,  of  the  sulphate  of 
potash,  so  that  in  the  outer  jar  were  found  bisulphate 
of  potash  and  sulphuric  acid,  and  a  few  ciystals  of  the 
neuti"al  sul[ihate  were  seen  to  dej)osit  in  the  cell. 
Again,  a  solution  of  common  potash-alum  was  de- 
composed by  diffYision  into  alum  and  sulphate  of 
potash.  A  simple  way  of  effecting  this  diffusion 
separation  is  to  place  in  a  cylindrical  glass  jar  a 
quantity  of  distilled  water  to  make  a  liquid  column 
five  or  six  inches  high.  Under  this  column,  by  means 
of  a  fiiie  pipette,  introduce  the  mixed  solution. 
After  several  days  the  water  may  be  siphoned  off 
in  several  layers,  as  it  were.  Less  and  less  of  the 
least  diffu.sive  substance  will  be  obtained,  the  higher 
one  goes  in  the  liquid,  the  most  diffusive  substance 
being  able  more  completely  to  free  itself  from  the 
other  as  it  ascends  in  the  column  of  water  above  it. 
Finally,  it  was  observed  that  the  diffusion  of  one  salt 
was  not  very  sensibly  affected  if  it  was  allowed  to 
diliuse  into  a  solution  of  another  salt  instead  of  into 
pure  water,  even  though  the  two  salts  were  isomor- 
phous.  That  is  to  say,  a  solution  of  one  salt  will 
ditl'use  almost  as  readily  into  a  solution  of  another  salt 
as  into  water.  The  experiments  were  not  made, 
however,  with  any  but  dilute  solutions  of  the  otlier 
salt  in  the  outer  jar. 

Osmosis.— The  law.s  of  capillarity  and  of  diffa.sion 
have  been  applied  to  explain  souie  very  remarkable 
phenomena  first  observed  by  Dutrochet,  and  described 
jy  him  in  1837.  The  elementary  phenomena  are 
these  :  if  a  tube  is  closed  at  one  end  with  i)ladder  or 
other  animal  membrane,  and  is,  after  being  filled  with 
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a  saline  solution,  its  lower  end  is  plunged  into  dis- 
tilled water,  in  a  v-ery  short  time  tlie  liquid  rises 
in  tlie  tube,  and  some  of  the  salt  may  be  detected  in 
the  surrounding  water.  It  appears  as  if  a  current 
had  been  set  up  from  water  through  the  membrane  to 
the  saline  solution,  and  a  second  current  from  saline 
solution  to  water  through  the  membrane,  the  former 
being  greater,  and  consequently  raismg  the  level  of 
the  fluid  in  the  tube.  To  the  iirst  current  Dutrochet 
applied  the  term  endosmosis,  to  the  second,  exosmosis. 

The  question  of  two  contrary  currents  wUl  be 
considered  immediately;  first  of  all,  however,  the 
facts  of  the  interchange  must  be  stated  mth  a  little 
more  detail.  Dutrochet's  early  experiment  is  thus 
described  :  "  I  took  the  cajca  of  young  cliickens ;  I 
filled  them  with  liquids  more  dense  than  water,  such 
as  milk,  a  solution  of  gum,  of  the  albumen  of  egg,  etc., 
and  after  having  closed  them  by  a  ligature  I  plunged 
them  into  water.  The  intestines  speedily  became 
swollen  up  and  turgid  by  the  introduction  of  water 
into  their  interior  ;  their  weight  increased  consider- 
ably."* The  general  fact  is,  that  if  two  dissimilar 
liquids  are  separated  by  an  animal  membrane,  mixture 
can  go  on  through  the  membrane.  A  porous  diaphragm 
may°take  the  place  of  the  membrane  without  inter- 
fering with  the  process. 

The  instrument  employed  by  Dutrochet  for  his 
later  experiments,  and  that  usually  employed,  consists 
of  a  glass  tube  rt/,  having  at  one  end  a  bell-jar-shaped 
expansion  J.  The  mouth  of  the  jar  is  tightly  closed, 
usually  Avith  thin  animal  membrane  m.  Down  the  tube 
is  poured  the  saline  or  other  solution,  and  the  instru- 
ment, termed  an  osmometer  (Fig.  116),  is  iumierscd 
in  a  jar  F  containing  distilled  water,  the  water  out- 
side standing  to  a  level  x  with  tlie  solution  inside. 

*  Dutrochet  "  M(5moires  pour  scrvir  a  I'histoire  aiiatomique  et 
pliysiologique  ties  veg.5tau.x  et  ties  animaux,"  p.  8.    Pans,  1837. 
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First,  it  is  to  be  noticed  that  the  two  liquids  on 
opposite  sides  of  the  membrane  must  be  miscible. 
Liquids  that  cannot  mix  when  in  direct  contact  with 
one  another  can  mix  still  less  through 
a  septum.    They,  or  at  least  one  of  them,  r 
must  be  capable  also  of  permeating  the 
membrane.    Secondly',  there  are  two  ele- 
ments in  the  process,  that  of  the  mixture 
of  the  dissimilar  liquids  and  that  of  the 
increased  volume  of  one  of  them. 

The  increase  of  volume  does  not  always 
take  place  on  the  .side   of  the  fluid  of 
.greater  density.   If  salt  solution  be  on  one 
side  and  water  on  the  other,  the  increased 
volume  will   be  on  the  side  of  greater 
density    that  _  of  the  salt   solution  ;   but  1^^,^^- 
wJien  alcohol  is  on  one  side  of  the  animal 
membrane,  and  water  on  the  otlier,   the  increased 
volume  IS  on  the  side  of  the  alcohol,  the  side  of 
less  density.     The  character   of  the  membrane  has 
to  do  with  the  change  of  volume;  for  while,  as  iust 
noted,  when  water  and  alcohol  are  separated  by  an 
o.n%mal  membrane  more  water  passes  to  tlie  alcohol 
through  the  membrane  than   alcohol  to  the  water 
when  water  and  alcohol  are  separated  by  a  septum  of 
caoutchouc  the  alcohol  pa.sses  in  greater  abundance 
through  the  membrane,  and  the  volume  on  the  side  of 
the  water  is  increased.   Further,  the  mixture  of  the  dis- 
similar liquids  can  still  be  carried  on  when  the  chancre 
ot  volume  is  forcibly  prevented.      This  is  proved 
by  an  experiment   described  by  Liebig.     A  short 
wide  tube  Ls  connected  to  a  long  narrow  tube,  the 
narrow  tube  being  vertical  and  the  wide  tube  standincr 
out  from  It.    The  wide  tube  is  filled  with  brine,  and 
closed  with  a  piece  of  1, ladder.     Down  the  vertical 
narrow  tube  mercury  is  now  jiourod,  whose  presstn-e 
IS  exerted  against  the  brine  in  the  wide  tube,  and 
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causes  it  to  pass  tirough  the  membrane  in  fine  drops. 
"When  this  is  seen  some  of  the  mercury  is  removed, 
till  no  more  drops  are  seen  to  ooze  through  the  mem- 
brane.   The  wide  tube  is  then  immersed  in  a  vessel 
of  water,  the  water  being  tinged  blue.     After  the 
lapse  of  some  hours  a  blue  stratum  will  be  found 
inside  the  wide  tube,  though  no  change  has  taken 
place  in  the  level  of  the  mercury.  After  a  long  enough 
time  the  brine  and  water  will  mix  so  that  the  quantity 
of  salt  is  uniform,  and  still  the  level  of  mercury  wlU 
indicate  no  change  of  volume.    The  pressure  of  the 
mercury  has  prevented  'change  of  volume  though  it 
has  been  unable  to  prevent  mixture  of  the  liquids.  _ 

A  lar<^e  share  in  the  production  of  osmosis  is 
ascribed  to  capillarity.    The  septum  being  a  porous 
body  may  be  considered  as  containing  a  large  number 
of  capillary  tubes.   Some  liquids  are  capable  of  wettmg 
certain  capillary  tubes,  others  are  not.     Those  that 
wet  the  tube  can  ascend  in  it,  the  others  cannot.  Ut 
those  liquids  that  wet  the  same  kind  of  tubes,  one  can 
ascend  the  tube  higher  than  others.    The  tube,  that 
is,  has  a  greater  attractive  force  for  one  liqmd  than 
another  :  or  one  liquid  is  able  to  resist  the  attractn-e 
force  better  than  another.    Thus,  of  two  liquids  on 
opposite  sides  of  a  porous  partition  one  is  capa^  e  of 
piimeating  the  membrane  to  a  greater  extent  than  t  e 
other.    The  liquid  that  has  the  greater  affinity  foi  the 
?ube  meets,  in  its  course  through  it,  the  other  liquid 
advancing  in  the  opposite  direction,  but  advancmg 
with  less' force  because  of  its   ess  degree  of  athmty^ 
The  greater  force  overcomes  the  less,  and  the  one 
liquid!  consequently,  occupies  the  pores  of  the  mem- 
brane having  ejected,  so  to  speak,  the  other.  But 
now  the  eleinent  of  diffusion  enters  -to  the  queshom 
The  force  of  capillarity  can  cause  one  liquid  to  enter 
and  occupy  the  pores  from  one  side,  but  it  cannot 
cle  Safsame  \iquid  to  flow  out  of  the  membrane 
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at  the  other  side.  But  this  liquid,  having  advanced 
into  the  pores,  comes  into  contact  with  the  liquid  at 
the  opposite  side,  and  diflusion  at  once  proceeds  to 
take  place.  The  poi'es  thus  become  occupied  by  a 
mixture  of  two  liquids,  for  one  of  Avhich  it  has  less 
affinity'  than  for  the  other.  In  consequence  of  this 
mixture,  then,  a  new  snpply  of  the  liquid  of  greater 
affinity  will  advance  and  displace  the  mixture,  which 
will  flow  out  on  the  side  of  less  affinity.  As  this  pro- 
cess will  be  constantly  repeated,  the  volume  of  liquid 
on  the  side  of  less  affinity  will  continually  increase. 

This  explains  the  endosmotic  current  to  be  due  to 
the  unequal  affinity  of  two  difl'erent  liquids  for  the 
same  memlirane.  It  is,  however,  unnecessary  to  sup- 
i)ose  a  similar  current  in  the  opposite  direction  pro- 
ducing the  exosmose.  This  can  be  explained,  to  a 
great  extent,  by  simple  diffusion.  For  the  two 
liquids  are  in  contact  with  one  another  through  the 
pores  of  the  membrane,  and  consequently  diffuse  into 
one  another,  independently  of  any  aqueous  current. 
Thus  the  molecules  of  the  salt  solution  gain  access  to 
the  water  on  the  other  side  of  the  memljrane.  The 
diffusion  will  be  aided  by  the  saline  solution  being  in 
the  osmometer,  and  being,  by  means  of  the  membrane, 
kept  high  in  tlie  water,  in  which  it  would  sink,  if 
free,  because  of  its  greater  density.  The  water  which 
has  gained  the  saline  side  of  the  membrane,  because 
of  its  less  .specific  gravity,  rises  upwards  in  the 
saline  solution,  and  this  prevents  the  accumulation  of 
a  layer  of  water  next  the  membrane  on  the  saline  side, 
which,  in  spite  of  diffusion,  would  rapidly  interfere 
with  the  process  ;  while  whatever  of  the  saline  solu- 
tion has  difl'used  down  to  the  water  side  of  the  mem- 
brane is,  by  its  specific  gravity,,  speedily  caused  ic 
sink ;  and  thus  is  prevented,  on  the  w;iter  side,  tlio 
accumulation  of  a  saline  layer,  which  would  interfere 
seriously  with  farther  progress. 
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This  is  one  explanation  offered  to  account  for  the 
phenomena,  an  explanation,  however,  which  is  rejected 
by  Graham.  It  is  supported  by  Liebig  with  many 
ingenious  experiments. 

Graham  shows,  by  a  series  of  experiments  with 
sulphate  of  magnesia,  that  when  the  strength  of  the 
saline  solution  is  increased  in  the  osmometer-,  the 
quantity  of  water  and  salt  that  exchange  places  is  not 
uniform.  He  concludes  that  the  exosmose,  to  use 
Dutrochet's  term,  of  the  salt  is  not  due  to  pure  diffu- 
sion, for  then  the  ratio  between  the  exchanging  water 
and  salt  should  remain  constant. 

Eiidosmotic  equivalent  is  the  term  applied 
to  the  weight  of  water  that  passes  into  the  osmometer, 
in  exchange  for  unit  weight  of  the  salt  that  escapes 
from  it.  It  expresses  the  relation  that  exists  be- 
tween the  increased  bulk  of  fluid  in  the  osmometer 
and  the  diminished  bulk  of  salt.  Where  the  quantity 
of  water  exceeds  in  bulk  the  quantity  of  salt  the 
osmosis  is  said  to  \i%  positive;  w^iere  it  is  inferior,  the 
osmosis  is  said  to  be  negative.  Endosmotic  equivalent 
was  a  term  first  applied  by  Jolly  (1849),  to  whom  the 
idea  of  there  being  a  relation  between  the  bulk  ot 
water  and  salt  exchanged  first  occurred.  His  results 
showed  for  1  gramme  caustic  potash  as  much  as 
215-75  grs.  of  water,  for  1  of  sulphate  of  potash, 
12 -28  water,  sulphate  of  magnesia,  11 '65,  gum,  7-16, 
chloride  of  sodium,  4-23,  alcohol,  4-16  Since  then 
numerous  observations  have  been  made  by  German 
observers,  Harzer,  Lndwig,  Cloetta,  Eckard,  and 
others,  which  show  JoUy  to  have  been  mistaken  in 
supposing  the  equivalent  to  be  constant.  It  vanes 
with  the^  degree  of  concentration,  with  the  tempera- 
ture, and  with  other  circum.stances. 

As  the  decrree  of  concentration  increases,  an  in- 
creased quantity  of  water  enters  the  osmometer;  but 
it  is  soon  observed,  that  if  the  concentration  passes 
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beyond  a  certain  limit,  the  increase  in  the  quantity  of 
water  does  not  nearly  keep  pace  with  the  increase  of 
the  salt  in  solution.  Thus  Graham  found  that  "the 
osmose  absolutely  greatest  is  obtained  with  small  pro- 
portions of  salts  in  solution."  He  adds,  "osmose 
appeared,  indeed,  to  be  peculiarly  the  phenomenon  of 
dilate  solutions." 

It  may  also  be  remarked  that  the  nature  of  the 
solutions  employed  will  affect  the  osmosis  by  affecting 
the_  membrane.  Thus,  a  membi-ane  capable  of  im- 
bibing a  certain  quantity  of  water  can  imbibe  a  much 
less  quantity  of  alcohol,  because  of  the  contracting 
effect  the  alcohol  has  upon  the  membrane.  A  con- 
centrated saline  solution  has  a  similar  effect.  This 
has  been  referred  to  already  in  discussing  imbibition 
(page  246).  This  is  supposed  to  be  due  to  the  size  of 
the  pores  being  affected.  Thus,  any  substances  which 
would  mcrease  the  density  of  the  membranes  would 
also  increase  the  endosmotic  equivalent.  The  thick- 
ness of  the  membrane,  that  is,  the  length  of  the  pores 
similarly  affects  the  result.  ' 

If,  instead  of  having  pui-e  water  on  one  side  of  a 
membrane  and  a  saline  solution  on  the  other,  a  saline 
solution  be  on  each  side,  osmotic  action  will  00  on 
under  certain  circumstances.     If  a  solution  of  the 
same  salt  be  on  each  side,  osmosis  will  occur  if  there  be 
a  difference  of  concentration  between  the  two  The 
mcrease  of  volume  is  on  the  side  of  the  concentrated 
solution,  and  salt  passes  from  it  to  the  more  dilute 
Ihe  action  will  diminish  as  the  difference  between  the 
two  becomes  less  ;  but  if  tlie  difference  be  maintained 
the  action  will  remain  constant.    Thus,  by  maintaining 
the  concentration  of  the  one  solution,  and  by  constantly 
renewing  the  dilution  of  the  other,  the  greatest  eflect 
would  be  obtamed.    The  concentration  of  the  one 
being  maintained,  a  stream  of  the  dilute  solution 
llowing  past  the  membrane  would  admirably  fulhl  tlio 
it — 7 
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conditions.  The  stream  of  the  dilute  solution  would 
ca^y  off  with  it  any  salt  that  had  passed  out  of  the 
osmLieter  and  wolxkl  renew  the  contact  of  the  men^- 
b~S  dUute  fluid.  It  is  of  importance  to  note 
this  in  the  physiology  of  absorption. 

Where  the  solutions  on  different  sides  of  he 
^emWe  are  of  cli  Be  vent  chemical  consUtu^^^^^ 
osmotic  action  depends  on  the  chemical  affinity  ot  one 
7         other     Thus  the  amount  of  action  would  be 
™tr  b^ween  an  acid  and  a  base  than  between  two 

"om  water  to  a  saline  solution,      -suits  -  an  - 

these  J^o    clas^  ^^J^^ 
diffusive  power.    Tlius,  M  Ml.  different  de- 

p„s«  '  -XTt''a,l°'I;  "i«  4.t..line  form. 

L'rees,  and  capaDie  oi  o  crystalloid. 

Tuul  to  this  t^"l^b:^  tothe^^^^l^^^^^  of 
On  the  other  ^.^^^s!^:^^  by  their 

-i^tallise,  by  the  gelatinous 
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clianicter  of  tlieir  hydrates,  their  inertness  in  ordinary 
chemical  rehxtions,  and  their  mntability.  To  these  he 
applied  the  tei'm  colloid. 

One  remarkable  peculiarity  of  colloidal  substances 
is,  that  while  themselves  of  extremely  low  diffusive 
power,  they  afford  a  medium  of  diffusion.  They 
permit  the  highly  diffusive  substances  to  permeate 
them  readily,  resist  less  diffusive  substances,  and  en- 
tirely cut  off  substances  like  themselves.  Thus,  a  sheet 
of  very  thin  letter-paper,  sized  Avith  starch  (a  colloid) 
was  formed  into  a  tray  and  laid  on  the  surface  of 
water.  Into  it  a  solution  of  cane  sngar  and  gum 
arable  was  placed.  In  twenty-four  hours  three-fourths 
of  the  whole  sugar  had  passed  through,  while  barely  a 
trace  of  the  gum  could  be  detected  in  the  water.  Of 
colloidal  substances,  gum,  albumin,  gelatin,  and  starch 
are  the  chief  examples. 

A  very  interesting  experiment,  described  by 
Graham,  shows  how  colloidal  substances  in  mass  are 
nearly  as  good  media  for  diffusion  as  water.  "  Ten 
grammes  of  chloride  of  sodium,  and  two  grammes  of 
Japanese  gelatine,  or  gelose  of  Pagen,  were  dissolved 
together  in  so  much  hot  water  as  to  form  100  cubic 
centimetres  of  fluid.  Introduced  into  an  empty 
diffusion  jar,  and  allowed  to  cool,  this  fluid  set 
into  a  firm  jelly,  occupying  the  lower  part  of  the  jar, 
and  containing  of  course  10  per  cent,  of  chloride  of 
sodium.  Instead  of  placing  pure  water  over  this  jdly, 
It  was  covered  by  700  cubic  centimetres  of  a  solution 
containing  2  per  cent,  of  the  same  gelose,  cooled  so  far 
as  to  be  on  the  point  of  gelatinising,  the  jar  at  the 
same  time  being  placed  in  a  cooling  mixture  in  order 
to  expcKlite  that  change.  The  jar,  with  its  contents, 
was  now  left  undisturbed  for  eiglit  days  at  a  tempera- 
ture of  10°.  After  the  lapse  of  this  time,  the  jolly 
was  removed  fi-om  the  jar  in  successive  portions  of 
oO  cubic  centimetres  eacli  from  the  top,  and  tho 
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proportion  of  chloride  of  sodium  in  the  various  strata 
ascertained.  The  results  were  very  strmlar  to  t/iose 
obtained  in  dif  losing  the  same  salt  %n  a  jar  oj  pure 

water.'"  *  ^  a 

"  Diffusion  of  a  crystalloid  thus  appears  to  proceed 
through  a  firm  jelly  with  little  or  no  abatement  ot 
velocity.  With  a  coloured  crystalloid,  such  as  bi- 
chromate of  potash,  the  gradual  elevation  of  the  salt 
to  the  top  of  tlie  jar  is  beautifully  illustrated.  On 
the  other  hand,  the  diffusion  of  a  coloured  colloid, 
such  as  caramel,  through  the  jelly  appeared  scarcely 
to  have  begun  after  eight  days  had  elapsed. 

Oialysis— Graham  thus  perceived  a  method  tor 
effecting  separation  by  means  of  colloidal  matter^  io 
this  method  he  applied  the  term  dialysis,  and  the  ap- 
paratus used  he  called  a  dialyser.    This  is  made  by 
usin-  vegetable  parchment  paper,  which  is  imsized 
paper  altered  by  a  short  immersion  in  ^sulphuric  a^id 
or  in  chloride  of  zinc.    When  wetted  the  parchment 
expands  and  becomes  translucent.    A  piece  of  such 
paper  wetted,  is  applied  to  a  light  hoop  of  gutta. 
percl  L  two  inches  in  depth  and  eight  to  ten  mches  m 
S  amet'e;,  so  as  to  form  'a  sieve     The  pai-  ougM  o 
rise  up  round  the  hoop,  to  which  it  is  tlien  fiimly 
secured  by  tying.    Better  stiU,  a  second  hoop  of 
sStly  greater  diameter  may  be  slipped  iip  from 
slignuy  +,„.necl-uo  edc^e  of  parchment  paper, 

below,  over  the  tmneci  up  t;";o^  K  „  rphp 
which  it  binds  like  a  ring  to  the  inner  hoop,  ihe 
ralYser  so  prepared  is  seen  to  be  sound  by  spongmg 
fts  inner  side  with  water  and  finding  that  no  wet 
snots  appear  on  the  other  side.  If  it  be  defective 
the  deS  are  remedied  by  painting  over  with  liquid 
album  11  which  is  coagulated  by  holding  over  steam. 

The  so  ution  to  be  dialysed  is  poured  into  the  hoop 
to  a  dejtl;  of  not  more  than  half  an  inch,  and  the 
•Graham:  "Liquid  Diffusion  Applied  to  Analysis;"  ThMos. 
Trans.  18G1,  p.  19'j. 
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dialyser  (a,  Fig.  117)  is  then  floated  in  a  vessel  con- 
taining a  considerable  quantity  of  distilled  watei'.  The 
crystalloids  will  readily  pass  through, 
but  colloids  will  be  perfectly  retained. 

Liebig  described,  years  before,  an 
arrangement  not  dissimilar  to  this.  "  If 
we  tie  moist  paper  over  the  open  end 
of  a  cylindi'ical  tube,  and,  after  pour-  ^'g  117.— 
ing  in  above  the  pajDer  white  of  egg  to  i^ijiyser. 
the  height  of  a  few  lines,  place  that  end  of  the  tube 
in  boiling  water,  the  albumen  is  coagulated  ;  and 
when  the  paper  is  removed,  we  have  a  tube  closed 
with  an  accurately-fitting  plug  of  coagulated  al- 
bumen, which  allows  neither  water  nor  brine  to  run 
through.  If  the  tube  be  now  filled  to  one-half  with 
brine  and  immersed  in  pure  water,  the  brine  is  seen 
gradually  to  rise,  and  in  three  or  four  days  it  in- 
creases by  from  a  quarter  to  one-half  of  its  volume, 
exactly  as  if  the  tube  had  been  closed  with  a  very 
thick  membrane."  * 

The  dialyser  affords  a  means  of  purifying  colloidal 
matter  from  cry.stalloids.  The  mixture  requires  only 
to  be  placed  in  the  dialyser  on  water,  and  the  crystal- 
loids are  separated  out.  Albumen  may  be  purified  in 
the  same  way.  It  was  urged  by  Graham  that  the 
method  of  dialysis  could  with  advantage  be  applied  in 
medico-legal  cases  to- the  separation  of  such  crystal- 
loids as  arsenious  acid  from  organic  solutions,  such 
as  the  contents  of  the  stomach,  blood,  etc.  Strychnine 
and  tartar  emetic  were  separated  in  the  same  way. 

Whde  the  dialyser  shows  albumen  to  be  very 
feebly  diflusible,  peptones  are  largely  so. 

Mcclianisin  of  absorption  There  can  be  no 

doubt  that  osmosis  plays  an  important  part  in  ab- 
sorption, even  though  it  may  not  explain  the  whole 
of  the  process.  Let  the  conditions  be  observed.  In 
•  Liebig  "  On  the  Motion  of  the  Juices  in  the  Animal  nody,"  1848. 
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the  stornach  and  intestiiies  there  are  two  different 
liquids,  tlie  chyme  or  chyle  on  the  one  hand,  the 
blood  circulating  through  the  intestinal  capillaries  on 
the    other.    These   two   are   separated    by   a  thin 
organic  membrane  consisting  of  the  epithelium  of  the 
inner  surface  of  the  intestinal  canal,  the  thin  walls  of 
the  capillaries,  and  the  small  amount   of  adenoid 
tissue  between  the  two.    These  are  the  conditions  of 
osmosis.    Observe,  again,  that  the  blood  is  an  al- 
buminous fluid,  and  that  albumen  is  one  of  the  most 
sparingly  diffusible  of  substances,  requiring  a  very 
large  quantity  of  water  to  pass  through  the  membrane 
to  its  side  before  even  a  small  portion  of  it  passes 
through  to  tlie  other  side.    On  the  other  hand,  the 
substances  in  solution  in  the  chyme  or  chyle  are 
diffusible.     Herein,  also,  lies  the  rationale  of  the 
action  of  the  various  digestive  fluids.    Their  action 
is  on  starch,  albumen,  and  fat,  non-diffusil^le  and 
non-dialysable  substances.    Starch  is  converted  into 
sugar,  and  albumen  into  peptone,  both  capable  of 
diffusion  and  dialysis.   It  is  hardly  within  the  province 
of  this  work  to  discuss  the  other  elements  in  connection 
with  the  absorption  of  fat.  By  the  action  of  the  diges- 
tive fluids,  therefore,  the  obstacles  to  osmosis,  so  far  as 
the  fluid  food  stuffs  are  concerned,  are  got  rid  of.  Not 
only,  therefore,  are  the  conditions  of  osmosis  present  so 
far  as  the  animal  membrane  separating  two  diflerent 
liquids  is  concerned,  but,  owing  to  the  character  of 
the  liquids,  the  direction  of  the  osmosis  is  readily 

determined.  . 

A  remarkably  interesting  fact  bearing  upon  the 
absorption  from  the  stomach  is  to  be  noted,  (^rahani 
showed  by  experiments  that  a  small  quantity  ot 
dilute  hydrochloric  acid  present  in  an  osmometer 
interfered  greatly  with  the  passage  of  the  endosmotic 
current  Thus  the  feeble  acidity  of  the  contents  ot 
the  stomach,  acting  in  this  way,  will  greatly  interfere 
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with  any  current  from  the  blood  outward.s  into  the 
cavity  of  the  stomach,  and  so  will  act  in  the  same 
direction  as  the  serum  of  the  blood,  in  determining 
the  current  from  the  stomach  inwards  to  the 
capillai'ies.  Besides  all  this,  in  the  case  of  tlie 
stomach  and  intestinal  canal  are  to  be  found  all  the 
other  conditions  favouiing  the  passage  of  fluid  con- 
taining substances  in  solution  from  the  cavity  of  the 
alimentai-y  canal  to  the  current  of  the  circulation. 
Thus  it  has  been  pointed  out  that,  if  the  fluid  on  each 
side  of  the  membrane  were  stationary,  the  inter- 
changes woidd  speedily  become  feeljle,  because  of  the 
approach  of  both  fluids  to  the  same  condition.  It 
has  been  noted  that  a  continual  dilution  of  the  liquid 
towards  which  the  endosmotic  current  was  directed, 
would  tend  to  maintain  the  activity  of  the  pi'ocess  ;  or, 
what  is  equal  to  the  same  thing,  if  a  current  of  this 
liquid  flowed  over  the  membrane  this  result  would  be 
attained.  Now  the  blood  towards  which  the  current 
from  the  intestine  sets  is  in  continual  circulation.  It 
no  sooner  receives  by  endosmosis  solutions  of  suli- 
stances  fi'om  the  stomach  andintestir.es,  than  it  whirls 
them  oS"  in  the  current  of  the  circulation,  and  a  new 
quantity  of  blood  takes  its  place,  maintaining  the 
degree  of  dilution  that  will  aid  the  process.  But, 
again,  the  process  will  go  on  with  greater  vigour,  the 
greater  the  extent  of  the  animal  membrane,  or,  more 
properly  speaking,  the  greater  the  surface  of  liquid 
towards  which  tlie  current  is  directed. 

Now  this  condition  is  fulfilled  by  the  richness  of  the 
vascular  supply  of  the  alimentary  tract  and  by  the 
folds  permitting  of  increa.sed  extent  of  surface. 

Tlie  greater  the  dillerence  that  exists  l)etwcen  the 
liquids,  the  greater  will  be  the  speed  and  amount  of 
absorption  by  endosmosis.  Thus,  if  a  saline  sub- 
stance in  the  liquid  food  is  very  deficient  in  tlie  blood, 
its  absorption,  otiier  things  being  equal,  will  be  cflectijd 
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more  rapidly  than  that  of  another  existing  already  to 
some  extent  in  the  circulating  fluid.  Thus  variations 
in  the  composition  of  the  blood,  variations  which  will 
be  determined  by  many  circumstances,  but  very 
specially  by  the  matters  that  have  been  removed  from 
the  blood  to  meet  the  demands  of  the  tissues  for 
nourishment,  will  largely  determine  the  rapidity  of 
the  absorption.  Among  other  things,  if  the  blood 
has  been  deprived  of  a  considerable  quantity  of  its 
watery  elements,  its  power  of  determining  an  osmotic 
current  towards  itself  will  be  largely  increased. 

Special  instances  may  noAv  be  given  which  illus- 
trate these  facts,  and  the  great  bearing  of  the 
general  laws  of  osmotic  action.  They  are  common 
illustrations,  but  have  been  so  clearly  put  by  Baron 
Liebig,  in  a  work  already  referred  to,  that  a  few 
paragraphs  will  be  incorporated  hei-e. 

"If  we  take,  while  fasting,  every  ten  minutes,  a 
glass  of  ordinary  spring  water,  the  saline  contents  of 
which  are  much  less  than  those  of  the  blood,  there 
occurs,  after  the  second  glass  (each  glass  containing 
four  ounces),  an  evacuation  of  coloured  urine,  the 
weight  of  which  is  very  nearly  equal  to  that  of  the 
first  glass  ;  and  after  taking  in  this  way  twenty  such 
o-lasses  of  water,  we  have  had  nineteen  evacuations  of 
urine,  the  last  of  which  is  colourless,  and  contains 
hardly  more  saline  matter  than  the  spring  water. 

"  If  we  make  the  same  experiment  with  a  water 
containing  as  much  saline  matter  as  the  blood  (three- 
quarters  to  one  per  cent,  of  sea  salt),  there  is  no 
unusual  discharge  of  urine ;  and  it  is  difficult  to  dnnk 
more  than  three  glasses  of  such  water.  A  sense  ot 
repletion,  pressure,  and  weight  of  the  stomach  pomt 
out  that  water,  as  strongly  charged  with  saline 
matter  as  the  blood,  requires  a  longer  time  for  its 
ab!5orption  into  the  blood-vessels.  _ 

"  Finally,  if  we  drink  a  solution  containing  rather 
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more  salt  than  the  blood,  a  more  or  less  decided 
catharsis  ensues." 

That  is  to  say,  that  in  the  first  case  there  was 
rapid  passage  of  a  large  quantity  of  water  into  the 
blood,  and  a  consequent  activity  of  the  excretory 
action  of  the  kidney  to  throw  it  out.  In  the  second 
case,  the  proportion  of  salt  being  the  same  on  both 
sides  of  the  animal  membrane,  though  mLxture  took 
place  by  diffusion,  or  otherwise,  there  was  no  marked 
change  in  the  volume  of  fluid  on  either  side  of  the  mem- 
brane. In  the  last  case  the  proportion  of  saline  matter  in 
the  draught  was  proportionately  so  much  greater  than 
that  in  the  blood,  that  a  current,  the  reverse  of  that 
in  the  first  case,  was  set  up,  determining  a  flow  of 
serum  from  the  blood-vessels  into  the  cavity  of  the 
intestines.  Simultaneous  with  that  flow,  there  was  of 
course  the  passage  of  certain  of  the  saline  constituents 
of  the  draught  into  the  blood,  but  the  prominent 
occurrence  was  the  outward  flow  of  serum. 

What  has  been  said  of  the  physics  of  absorption 
from  the  intestinal  canal,  is  equally  applicable  to 
absorption  from  serous  cavities,  or  from  areola  of  the 
tissues,  where  practically  the  same  conditions  are 
present.  Variations  in  the  rapidity  of  absorption  by 
diflerent  tissues  can  to  a  large  extent  be  explained  by 
the  facts  that  are  known  as  to  the  differences  in  ab- 
sorptive power  of  various  membranes,  dependincr  on 
their  thickness,  their  density,  and  other  similar"  cir- 
cumstances. 

_  Circumstances  also  may  be  present  which  seriously 
impede  the  progress  of  the  process  of  endosmosis.  Even 
as  hydrochloric  acid  has  been  seen  to  have  the  power 
to  determine  the  direction  of  the  cm-rent,  to  impede  it 
in  one  direction  and  to  aid  it  in  another,  so  there  are 
other  substances  which  act  inversely  to  hydrocliloric 
acid  and  retard  the  process  from  the  cavity,  intestinal 
canal,  or  other  part,  inwards  to  the  blood. "  Tliere  arc 
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substances  which,  by  their  action  on  the  animal 
membranes,  alter  or  interfere  with  their  affinity  for 
certain  substances.  Fat,  for  instance,  would  so  modify 
the  attractive  power  of  a  tissue.  Thus  it  may  be  that 
certain  substances  taken  with  food,  even  though  not 
interfering  with  the  digestion,  would  seriously  retard 
the  process  of  absorption,  and  set  up  all  the  trouble- 
some sensations  of  bad  digestion. 

Absorption  by  lymphatics  may  be  considered  as 
presenting,  so  far  as  the  physics  are  concerned,  similar 
features  to  that  by  blood-vessels. 

The  mechanism  of  secretion  is  much  more  obscure 
than  that  of  absorption.  The  laws  of  dilTusion,  and 
of  osmosis,  are  to  a  certain  extent  apphcable  but 
other  elements  enter  into  the  consideration  of  the 
question  which  physics  are  unable  to  account  tor. 
That,  however,  to  some  extent  conditions  similar  to 
those  of  absorption  are  present,  seems  without  doubt, 
a  thin  animal  membrane  separating  on  one  side  the 
current  of  the  circulation,  and  on  the  other  the  fluid 

of  the  gland.  „  „ 

Tiansudatioii  or  filtration  must  be  carefully 

distinguished  from  osmotic  action.    Experiments  on 

animal  membranes  show  that  under  varying  degrees 

of  pressure  various  solutions  caji  be  forced  through 

them.    Thus  a  pressure  of  mercury  will  cause  water 

to  pass  out  of  a  tube  through  a  membrane  closmg  its 

mouth,  the  water  gathering  in  minute  drops  on  the 

outer  surface,  and  coalescing  into  larger  ones  Bime 

requires  a  greater  pressure,  and  fat  can  be  foiced 

through  with  a  greater  pressure  stiU,  while  alcoho 

requires  even  a  larger  amount.     The  -adiness  o 

the  rassac^e  of  the  fluid  is  thus   dependent  upon 

ihe    na  u?e   of  the   fluid  ;   and   it   depends  also 

upon  the  character  of  the  meml>rane,  being  easier 

Xn  the  membrane  is  thin,  and  -t  very  dense 

Transudation  or  filtration,   therefore,  is  a  passage 
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of  fluids  through  membranes  under  pressure,  the 
membrane  requiring  to  be  permeable.  This  is  entirely 
different  from  the  passage  of  fluids  through  a  mem- 
br;i,ne  when  the  membrane  is  bathed  by  two  diflerent 
fluids  on  opposite  sides. 

Elaborate  researches  on  filtration  have  been  made 
by  various  experimenter.?.  A  large  number  of  great 
interest  and  importance  are  published  by  Dr.  Wilibald 
Schmidt  of  Voigtland,  in  Poggendorff's  "Annalen  des 
Physic  iind  Chemie,"  for  1856  (p.  337),  and  1861 
(p.  337).  Schmidt  used  animal  membranes,  specially 
the  pericardium  of  the  ox.  Briefly  put,  Schmidt's 
more  important  results  are,  that  each  substance  has 
its  own  rate  of  filtration,  that  crystalloids  filter  more 
quickly  than  colloids,  that  the  amount  of  a  colloid  which 
will  filter  throiigh  a  membrane  from  a  liquid  containing 
colloid  in  solution  increases  with  the  concentration  of 
the  liquid  in  the  filter,  and  with  the  pressure  tliat  it 
diminishes  with  the  weakness  of  the  solution  in  the 
filter,  with  diminished  pressure,  and  with  increased 
temperature;  if  the  liquid  containiiig  colloid  in 
solution  contains  also  crystalloids,  the  quantity  of 
colloid  filtered  through  is  less  than  it  would  bavo 
been  had  the  crystalloids  been  absent,  and  the  filtrate 
IS  richer  in  crystalloids  than  the  liquid  fn  tlie  filter 
{i.e.  the  presence  of  crystalloids  diminishes  the  speed 
of  filtration  of  colloids).  In  regard  to  the  filtration 
of  mixed  solutions  of  crystalloids  and  colloids,  Sclnnidt 
corroborates  previous  results  of  von  Wittich,  that  tlie 
cliange  m  a  liquid  hj  filtration  is  a  quantitative,  not  a 
qualitative,  one;  the  filtrate,  that  is,  contains  tlie 
same  substances  as  the  liquid  on  the  filter,  tliouoji  in 
<liHerent  proportions. 

Transudation  under  pi-ossurc  is  seen  in  tlie  livino- 
body.  Pressure  on  a  vein,  obstructing  the  cour.sc 
ot  the  blood,  will  cau.se  in  time  filtration,  owin-  to 
tiie  accumulating    pressure   behind   the  obstruction 
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Dropsies  are  of  this  nature.    The  backward  pressure 
communicated  through  the  veins  on  lungs  hver,  and 
other  organs,  owing  to  obstruction  to  the  onward 
current  of   blood  from   the   heart,  are  very  good 
examples  of  the  amount  of  filtration  that  can  occur 
throu<^h   the  walls  of   the   blood-vessels   by  great 
increa'Le  of  the  pressure  within  them     This,  again, 
has  nothing  to  do  with  exosmosis.    As  soon  as  the 
obstacle  to  the  current  of  blood  is  removed,  and  the 
normal   flow   re-established,   absorption   comes  m, 
endosmosis  from  the  infiltrated  tissues  arises,  and  the 
poured-out  fluid  (serum)  is  taken  up  again  into  the 
circulating  stream.     Whether  or  not  transudation 
under  pressure  has  anything  to  do  with  secretion, 
with  such  a  secretion  as  that  of  the  kidney  is  anothei 
question.     It  is  generally  supposed  that  /^to  the 
cansule  of  the  glomerulus  of  the  kidney  such  a  filtia- 
Sn  tlkes  placf.    At  least  the  physical  condit„ 
present,  and  the  current  of  blood  is  separated  fiom 
cavity  of  the  glomerulus  by  the  fine  walls  of  the 
vessels,  Ld   the  epithelium  °f  .^^^  Afferent 
afferent  vessel  is  large  m  proportion  to  t^^e  ^^^^ 
vessel     Owing  to  the  difference  between  the  two,  and 
Ihe  clifference°in  favour  of  the  incoming  blood,  the 
pressure  must  be  considerably  "--ased  ni  h^^^^^^^^^ 
Lnd  thus  filtration  under  pressure  is  a  natuial  result^ 
How  such  filtration  should  permit  the  escape  of  « 
matters  and  retain  albumen,  it  is  not  easy  to  explain, 
f  tt  agent  were  osmosis,  the  retention  of  albuminous 
ibstance  by  the  colloidal  ^f-l^'^^'^fl^^ 
vessels)  is  "a^o^ur 
rol,^:t  tast'sX  as  the  glomerules  are  con- 

""h  we  accept  the  process  -  one  of  Alti^t^^^^^^^ 
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water  and  salts  in  solution  pass  from  the  blood-vessels 
into  the  dilated  extremities  of  the  uriniferous  tubules, 
but  that  albumen  does  not  pass.    This  would  imply  a 
qualitative  change  in  the  fluid  by  filtration,  which  is 
contrary  to  all  the  results  of  accurate  observation  of 
the  physical   process.    If  we  accept   the  filtration 
process,  then,  we  must  admit  the  passage  of  albumen 
through  the  glomeruli  into  the  tubules.     It  is  to  be 
observed,  however,  that  the  conditions  in  the  kidney 
(only  a  moderate  pressure  in  the  blood-vessels,  and  the 
blood  being  a  saline  solution)  are  just  the  conditions 
fitted  to  make  the  quantity  of  filtered  albumen  small. 
Yet  the  facts  seem  to  confine  us  to  the  conclusion 
that  the  process  in  the  glomerules  of  the  kidney  is 
one  by  Avhich  all  the  constituents  of  the  blood  plasma 
transude,  though  in  largely  different  proportions  from 
that  in  which  they  exist  in  the  blood.    This  view  is 
not  at  present  popular  among  physiologists,  though 
It  has  been  suggested  by  von  Wittich,  Kiiss,  and 
others,  and  that  mainly  because  of  the  difficulty  of 
accounting  for  the  absence  of  the  albumen  in  normal 
urine.    It  does  not  belong  to  this  work  to  discuss 
that  difficulty,  though  it  may  be  mentioned  that  the 
difficulty  is,  to  some  extent,  met  by  the  view  that  the 
active  cells  of  the  renal  tubules  absorb  the  albumen, 
and  pass  it  back  into  the  suiTounding  lymphatics^ 
a  view  in  favour  of  which,  the  author  believes,  much 
can  be  said. 
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PNEUMATICS. 


CHAPTER  XXTII. 

THE    PHYSICS    OF   GASES    AND   THEIR   APPLICATION  IN 
RESPIRATION. 

The  g-aseoiis  state. — Gas  is  a  fluid,  and  possesses 
those  properties  that  have  been  seen  to  belong  to 
other  fluids  and  to  liquids.  Chief  among  these  is  the 
mobility  of  the  particles  of  which  gas  is  composed. 
It  is,  of  course,  this  extreme  mobility  of  the  gaseous 
particles  that  permits  movement  in  air  to  be  so 
readily  efiected.  Like  liquids  (Pascal's  law),  gases 
transmit  pressure  equally  in  all  directions,  and  so  a 
body  surrounded  by  gas  is  pressed  upon  equally  on  all 
sides.  Gases,  however,  difler  from  liquids,  in  their 
greater  elasticity  and  compressibility. 

The  elastic  force  or  expansibUity  of  gas  is 
due  to  a  repulsive  action  exercised  between  the 
molecules  of  the  fluid.  In  virtue  of  this  property, 
gases  always  tend  to  expand  and  fill  the  space  iii 
Which  they  are  placed ;  and  they  exert,_  in  con- 
sequence, pressure  on  anything  which  contains  them, 
and  olFers  itself  as  an  obstacle  to  their  continued 
expansion.  This  is  easily  proved  by  partly  tilbng  a 
bladder  with  air,  and  placing  it  under  the  receiver  of 
an  air-pump.  As  soon  as  one  begins  to  exhaust  the 
air  from  the  receiver  the  air  within  the  bladder  finds 
itself  unopposed  by  air  outside,  and  its  pressure  is 
thus  suflicient  to  distend  the  bladder.  As  the 
exhaustion  goes  on  the  bladder  will  become  more 
and  more  inilated,  till  the  resistance,  developed  m  the 
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walls  of  the  bladder  by  the  stretchmg,  comes  to  be 
equal  to  the  elastic  force  of  the  gas,  wlien  further 
dilatation  will  cease.  As  soon  as  air  is  permitted  to 
enter  the  receiver  the  bladder  becomes  restored  to  its 
former  size.  Owing  to  their  constant  tendency  to 
expand,  gases  have  no  definite  volume. 

Compressibility  of  gas. — A  liquid  has  been 
seen  to  be  very  little  compressible.  The  slight  com- 
pression, however,  to  which  liquid  is  subject  develops 
in  it  a  very  great  force  of  reaction.  Gas,  on  the  other 
hand,  is  readily  compressilile,  and  may  be  reduced  to 
one  half  its  volume  without  develo})ing  a  force  greater 
than  that  of  the  atmosphere.  The  compressibility  of 
gases  is  easily  shown  by  means  of  a  syringe  closed  at 
one  end  and  fitted  at  the  other  with  an  air-tight 
piston.  By  pressing  sufficiently  on  the  piston,  the 
volume  of  air  in  the  syringe  may  be  reduced  very  con- 
siderably. On  removing  the  pressure,  the  reaction  of 
the  gas  will  force  out  the  piston. 

As  gas  is  reduced  in  volume  by  pressure  in  this 
way,  it  exerts  pressure  on  the  vessel  or  tube  contain- 
ing it,  which  increases  as  the  volume  diminishes. 
This  is  expressed  by  a  law  discovered  independently 
by  Boyle  and  Marriotte,  and  called  by  their  name. 

Boyle's  or  Marriotte's  law. — According  to  it, 
the  pressure  of  a  given  quantity  of  gas  increases  as  its 
volume  is  diminished,  and  vice  verm.  Its  pressure, 
that  is,  is  inversely  proportional  to  its  volume.  Since 
diminished  volume  means  increased  density,  the  law 
may  also  be  expressed  by  saying  that  the  pressure  of 
a  given  quantity  of  gas  is  directly  proportional  to  its 
density.  The  experiments  by  means  of  which  this 
law  was  proved  were  made  with  an  apparatus  i-opre- 
sented  in  Fig.  11 S.  It  consists  of  a  bent  tube,  with  a 
short  limb  closed  at  its  extremity  A,  and  a  long  limb 
o|)en  ate.  Atlaclicd  to  both  limbsisa  scale,  the  divisions 
of  which  mark  equal  capacities  of  the  parts  of  the  tube 
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they  divide  off.    Into  the  long  tube  a  small  quantity 
of  mercury  is  poured,  the  tube  being  inclined.  The 
mercury    tills  the  bend  B,  and  is 
poured  in  till  it  stands  at  zero  in 
both  limbs.      The    mercury  thus 
cuts  off  the  air  enclosed  in  the  short 
limb  from  communication  with  the 
outside,  and  the  equal  level  of  the 
mercury  in  both  limbs  shows  that 
the  pressure  exerted  on  the  enclosed 
air  is  equal  to  the  external  pres- 
sure, i.e.  the  pressure  of  the  atmo- 
sphere.   Mercury  is  then  poured 
in  till,  by  its  pressure,  the  enclosed 
air  is  reduced  to  half  its  volume  AD. 
The  added  mercury  gives  the  in- 
crease   of   pressure.     The   aii-  is 
found  to  be  reduced  to  half  its 
volume  when  the  original  pressure 
is  doubled,  to  one-thii'd  its  volume 
when    the    original    pressure  is 
trebled,  and  so  on  ;  that  is,  pressure 
is  inversely  proportional  to  volume. 
Other  experimenters,  Dulong  and 
Arago,  increased  the  pressure  27 
times,  and  found  the  law  to  hold 
good.    But  Regnault  showed  that 
ft  was  not  rigorously  true,  and  that 
air,   nitrogen,  carbonic   acid,  and 
oxygen  diminish  in  volume  with 

   increasing  pressure  more  quickly 

Fig.  118.  —  Morriotte's  ^i^an  Marriotte's  law  allowed,  while 
hydrogen  is  less  compressible  with 

are  unequally  compressible.  This  was  shown  first  of 
"1  by  Desp.etz  in  1825,  who  took  several  cyhndncal 
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tubes  of  the  same  length  and  cajmcity,  closed  at  one 
end.  Each  tube  contained  the  same  volume  of  gas, 
and  they  were  all  jjlunged  into  a  vessel  filled  with 
mercury.  This  was  then  ])]aced  in  a  stout  glass 
cylinder  filled  with  water  and  fitted  with  a  screw  piston. 
The  pressure  exei'ted  by  the  piston  was  communicated 
through  the  water  to  the  mercury,  which  was  tiius 
forced  up  the  tubes,  and  compres.sed  the  gas.  The 
different  heights  of  the  columns  of  mercury  in  the 
different  tubes  showed  the  different  compressibility  of 
the  various  gases.  Though  the  difference  between 
any  two  gases  is  very  slight,  yet  each  has  its  own 
degree  of  compressibility. 

Weig-ht  of  gases — That  gases  have  weight  is 
easily  proved  by  suspending  a  globe,  exhausted  of  air, 
from  the  scale  of  a  balance  and  counterpoising  it.  On 
permitting  air  or  other  gas  to  enter,  the  beam  will  go 
down  to  the  globe  side,  indicating  increased  weight. 
A  litre  of  dry  air  at  0°  C.  is  1  •293" grammes.  A  litre 
is  1,000  cubic  centimetres,  and  1,000  cubic  centi- 
metres of  water  weigh  1,000  grammes.  So  that  the 
weight  of  air  is  to  the  weight  of  water  as  1'293  is  to 
1,000 ;  that  is,  the  ratio  is  Xf^^^  =  1^.  Water  is  thus 
773  times  heavier  than  air.  Hydrogen  weighs  onlv 
0-089  .gramme  per  litre,  oxygen,  1-43,  carbonic 
acid,  1-97. 

The  density  of  a  gas  can  be  measured  in  a 
similar  way  to  that  of  liquid.s.  Its  ratio  to  that  of 
water  has  been  shown  to  be  0  -00 1293.  A  given  volume 
of  gas  may  then  be  considered  as  a  volume  of  a 
liquid  of  very  much  less  density  than  water.  It  is 
then  understood  how  laws,  applicable  to  liquids,  are 
similarly  applicable  to  gases.  Suppose  we  have  a 
mass  of  gas,  and  a  body  somewhere  within  tlie  mass 
J  ust  as  in  the  case  of  liquids  (page  180),  the  body  will 
bo  pressed  upon  on  all  sides.  If  wc  consider  the  mass 
s — 7 
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of  gas  as  made  up  of  layers,  then  the  topmost  layer  of 
cjas  will  exert  a  pressure  equal  to  its  own  weight ;  the 
Second  layer  will  exert  a  pi^ssure  equal  to  its  own 
weight  plus  the  pressure  of  the  layer  above  it  Ihus 
the  body  will  come  to  support  a  pressure  equal  to  that 
exerted  by  the  layers  above  it  over  an  extent  ot 
sSace  eqLl  to  its 'area.    In  other  words  the  weigh 
on  the  body  will  be  equal  to  a  column  of  gas  whose 
b  se the  Surface  of  tL  body  and  whose  height  is  he 
distance  between  the  body  and  the  sur  ace  of  the 
caseous  mass.    Just  as  in  hquids,  also,  the  body  will 
be  pressed  upwards  by  a  force  equal  to  the  weight  of 
.as  which  it  displaces.'   The  weight  of  a  body  m  air, 
Serefore,  is  not'  its  true  weight,  but  only  the  differ- 
ence between  the  true  weight  and  the  weight  of  the 

displaced  volume  of  air.  , 

^AtmospUevic  press«re.-A  mass  of  a  (the 
fltraosDhere)  completely  surrounds  the  eaith  in 
:rrtnc:lith  w\at  L  been  ^^^'^fl^:^^^ 
exert  pressure  in  all  directions,  and  the  piessuie  wiu 
v^rv  according  to  the  thickness  of  the  mass  The 
Tessure  exerted  by  the  atmosphere  on  any  body  wdl 
Ee  ore,  diminish  as  the  body  rises  m  the  air.  The 

consequently  more  densa  Jhe-  density 

greatest  on  the  surface  of  the  eaith  and  ^^^^^ 

^with  the  distance  from  i:;;,/^^ tboit 

density  had  un^^^^^^^^^^^^  ^i,. 
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extent  of  the  atmospheric  hiyer  is  supposed  to  be 
between  50  and  100  miles.  The  pressure,  then,  on  a 
square  inch  of  the  earth's  surface,  let  us  say,  will  bo 
equal  to  the  weight  of  the  column  of  air  which  it 
supports  ;  it  is  about  U-T  pounds. 

The  effects  of  the  atmospheric  pressure  are  easily 
made  manifest.    Let  a  glass  cylinder  be  covered  over 
at  one  end  with  a  piece  of  bladder.    Place  the  open 
end  with  greased  edges  on  the  plate  of  an  air  punip  ■ 
let  It  be  pressed  close  on  the  plate  to  prevent  the 
passage  of  air.    After  working  the  pump  a  little,  the 
air  will  be  exhausted  from  within  the  cylinder,  and 
the  bladder  wil    be  bearing  the  full  weight  of  the 
atmosphere  on  the  outside  without  any  counterbalan- 
cing force  withm.    It  will  yield,  become  concave,  and 
finally  burst  with  a  loud  report.    Let   the  same 
cylmc  er  be  put  on  the  plate  of  the  air  pump,  but  not 
let'it  be^"P''^"K"'^         exhaustion' is  Lde,  and 
ilobe  o?    -'"If'         f  On  exhausting  tlie 

globe  of  a  r,  the  cylinder  containing  air  will  be  in  a 

cauS  \zt:u'^r^ 

cause  the  bladder  to  bulge  outwards 

The  pressure  of  the  atmosphere  might  be  estimated 

PvEJ,  J'  1    /  °^°'^ed  at  one  end  were 

ve^Teroflvaler^'r'f         ^^"^  ^^^^^  P^-^S-'  - 
vessel  ot  water,  which  was  open  to  the  air  the  sur 

face  of  the  water  would  bear  the  atmosphS  pressure' 
while  the  surface  within  the  glass  tubewoi  /be  u 
no  pressure,  the  tube  being  free  of  air     O^LT  if 
the  water  would  rise  in  the  tubf         theTel^ht'  ^ 
t  e  column  of  water  above  the  level  of  the  Se^  11 
the  vessel  produced  a  pressure  equal  to  the   a  too 
t  hdSr T' t^"  ^^^lil--™  -uld  be  restc^^ct 
feet     Snr>  ^  thirty-four 

then        PP.?'"  "«ed  instead  of  wate" 

then  snice  the  density  of  mereury  is  to  tlic  deasTty  of 
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water  as  13-59  to  1,  the  height  of 

.vhich  would  balance  the  atmospheric  F^^^Ynches 

]  3-59  times  less  than  34  feet,  that  is  nearly  30  in.he 

of  mercury,  in  French  measure  exactly  /bU  mu  i 

metres     This  method  of  Pleasuring 

atmosphere  is  due  to  Torricelh,  a  i-upi  of  ^f^^^- 

The  Torricellian  experiment  is  performed  bj 
taking  a  glass  tube  about  3  feet  long  and  a  q-^'ter  of 

s±!::;;:siySf:^th^^ 

in  the  tube,  leaving  a  vacuous  space  abo^  e 
and  after  a  few  oscillations  remains  at 
rLtain  height,  which  is  cletermmed^^^^^ 
the  atmospheric  pressure   at  the  place. 
1     The  tube,^herefore,  becomes  a  measurer 
i   the  pressure  at  the  place,  a  bakometei. 
ShoukUhe  pressure  increase,  the  mercury 
wil  rise  in  the  tube,  tl-ve  being  n^^^^^^^^^ 
above  to  hinder  its  ascent ;  if  the  p  su^e 

Pi,.n9.-Tor- diminishes,  the  ^^"'^.-p^.^^^^rieve  the 
"r^iceiiiauBx.     •  -^i^       height.    At  the  sea  level  the 
periment.     ™^  «      millimetres  of  mercury 

and  in  pi^o'^  as  we  ascend  in  the  atmosphere 

^^-^rCrnS"H:^e^hat  b^^^^^ 

increasing  w  th  f  .^ill  stand  higher 

pressure  does  not  vary.  Accoiam^y 
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temperature  is  fixed  at  0°  C,  and  at  this  temperature 
at  the  sea  level  the  barometric  height  is  760  mm. 
For  higher  temperatures  corrections  must  be  made. 
Through  the  action  of  capillarity,  a  convex  meniscus 
(page  2-12)  teroiinates  the  mercury  column,  and  this, 
modified  with  the  height  of  ascent  of  the  mercury, 
requires  also  correction  in  very  rigorous  measure- 
ments. 

At  0°C.,  then,  the  pressure  of  a  column  of  mer- 
cury 760  mm.  high  is  called  the  pressure  of  one  atmo- 
sphere. A  pressure  that  would  be  equal  to  that  exerted 
by  a  column  of  mercury  twice  this  height  is  called  the 
pressure  of  two  atmospheres ;  a  pressure  equal  to 
thrice  the  height  is  known  as  the  pressure  of  three 
atmospheres,  and  so  on.  Tliere  is  thus  a  standard 
afforded  for  the  deteraiination  of  pressures. 

Barometers — The  simplest  barometer  is  the 
Torricellian  tube  fixed  vertically  in  its  vessel  of 
mercury.  The  mercuiy  requires  to  be  rid  of  air  and 
moisture  by  boihng,  otherwise  tlie  Torricellian  vacuum 
would  become  occupied  with  vapour,  which  would 
interfere  with  the  rise  of  the  mercury  column.  The 
cistern  barometer  is  a  modification  in  which  tlie  vessel 
containing  the  mercury  is  closed,  and  is  supplied  with 
a  bottom,  movable  by  a  screw  for  adjusting  the  level 
of  the  surface.  In  the  sijphon  barometer  the  glass 
tube  is  bent,  so  as  to  have  a  short  and  a  long  limb. 
The  upper  part  of  the  long  limb  is  sealed,  and  encloses 
the  vacuous  space,  the  short  limb  takes  the  place  of 
the  cistern,  and  it  is  open  at  the  upper  part.  Tlie 
difi-erence  of  levels  in  the  two  limbs  gives  the  heiHit 
of  the  mercury  column.  The  wheel  barometer  is  just 
the  syphon  barometer  having  a  float  on  the  surface 
of  the  mercury  in  the  short  limb.  A  thread  attached 
to  the  float  passes  over  a  little  wheel,  and  carries  at 
the  other  end  a  weight  to  counterpoise  the  float 
The  rismg  and  falling  of  the  mercury  column  by 
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means  of  the  float  and  thread  move  the  wheel,  which 
has  attached  to  it  a  hand  travelling  over  a  dial,  and 
indicatinc'  the  variations.  In  the  aneroid  barometers 
mercury  columns  are  discarded,  and  a  metallic  box 
partly  exhausted  of  air,  is  employed.  Variations  ot 
pressure  cause  movements  of  the  top  of  the  box  which 
are  transmitted  to  levers,  and  move  £tn  indicator. 
The  position  of  the  indicator  is  determined  tor 
different  pressures  by  means  of  the  mercury  column, 
and  these  positions  are  then  marked  on  a  dial  over 
which  the  indicator  moves. 

Effects  of  atmospheric  pressure.— it  has 
been  seen  that  into  a  tube  from  which  the  air  is  ex- 
hausted, and  in  which  the  atmosphevic  pressure,  there- 
fore, is  reduced  to  zero,  a  column  of  mercury  will  rise 
to  30  inches,  and  a  column  of  water  to  34  feet.  Other 
fluids  will  also  rise  to  a  height  in  the  inverse  ratio  ot 
their  density.    It  is  obvious  that  there  is  thus  afforded 
a  means  of  raising  water  or  other  liquid  trom  a  low 
level  to  a  higher  one.    It  is  equally  obvious  t bat  the  e 
is  a  limit  to  the  height  to  which  the  liquid 
'  ,       can  be  raised  by  exhaustion  of  the  air  ; 
that,  in  fact,  it  will  rise  only  to  the  height 
sufficient  to  produce  a  downward  pressure 
equal    to  the   upNvard   pressure   of  the 
atmosphere,  a  height  which,  as  already 
siiid,  varies  ^vith  the  density  of  the  liquid. 

The  stictiou  piiiiip  is  an  application 
of  these  facts.    It  co^isists  essentially  of  a 
barrel   or  cvUnder   fitted  with  a  piston 
(Fit'  120)    "The  lower  part  of  the  barrel  IS 
continued 'into'  a  tube  which  dips  into  the 
water  to  be  pumped.     When  the  piston  is 
-      pulled  from  the  lower  end  of  the  barrel  to 
the  upper,  the  space  it  leaves  below  is  devoid  of  air  ami 
the  water'rises  in  the  tube,  filling  the  barrel,  and  dos^ 
following  the   piston  upwards.     When  the  piston 


riff.  120.— 

Suction 
Pump. 
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descends  again  the  water  is  jjrevented  passing  back- 
wards by  a  valve  c,  while  by  the  oiDening  of  other 
valves  A  and  b  it  is  permitted  to  pass  through  the 
piston,  and  is  lodged  in  the  upi)er  part  of  the  barrel. 
The  re-ascent  of  the  piston  causes  the  piston  valves 
to  close,  and  the  water  is  therefore  driven  out  through 
the  outlet  tube. 

The  pipette  also  illustrates  the  same  principles 
(Fig.  121).    It  is  a  glass  tube  blown  out  in  the  centre 
into  a  bulbous  portion.     One  end  is  pro- 
longed into  a  fine  point,  the  other  is  the 
full  diameter  of  the  tube,  and  is  evenly 
ground.    By  applying  the  mouth  to  the 
wide  end  and  sucking,  the  air  is  rarefied, 
and  if  the  lower  end  be  dipping  in  liquid, 
the  liquid  rises  in  the  tube,  and  into  the 
bulb.     As  soon  as  the  desired  quantity  is 
drawn  into  the  bulb,  the  upper  end  is  „ 
quickly  covered  with  the   wet  finger  or  l| 
thumb.     The  air  is  thus  prevented  from  l! 
entering,  and  the  pipette  can  be  lifted  out 
of  the  fluid  without  any  of  its  contents  The^p-pette 
escaping.  Any  desired  quantity  can  be  per- 
mitted to  escape  by  slightly  moving  the  finger  to  permit 
the  entrance  of  a  little  air.     By  this  means  jjart 
of  the  liquid  in  a  vessel  may  be  removed  without 
disturbing  the  remainder. 

The  syphon  consists  of  a  tube  open  at  both  ends 
but  curved  on  itself,  so  as  to  have  two  limbs.  It  is  so 
placed  that  one  limb  dips  into  the  liquid  to  be  removed, 
and  the  otlier  discharges  at  a  lower  level  (Fig.  122). 

By  suction  at  the  lower  end  the  tube  is  first  of  all 
filled  with  the  liquid,  and  then  under  the  influence  of 
atmospheric  pressure,  and  the  difference  of  levels,  the 
fiow  will  continue  unless  air  be  permitted  to  enter,  or 
the  levels  become  equal.  ' 

Where  the  liquid   to   be  withdrawn   would  be 
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injurious  if  it  got  into  the  mouth,  the  suction  may 
Toe  applied  by  means  of  a  side,  tube  to  the  syphon, 
the  lower  opening  being  kept  closed 
till  the  tube  is'  filled,  or  the  tube  may 
be  filled  before  immersion  in  the 
liquid. 

It  is  to  be  noted  that  for  water  the 
suction  tube  of  a  pump,  or  the  ascend- 
ing limb  of  a  syphon,  should  not  be  3  1 
feet  above  the  water  level,  for  beyond 
that  height  the  water  cannot  be 
pumped.  For  other  liquids  the  varia- 
tion in  the  height  depends  on  the  density.    _  .... 

The  air  pump  is  an  instrument  for  diminishing 
the  atmospheric  pressure  by  removing  the  air  enclosed 
•    •     ■  •     T^-     1  .TO  ^ras  in- 

It  consists 


Fig.  122.- 
byiJhou. 


in  a  space;  it  is  shown  in  J^ig. 
vented  by  Otto  von  Guericke,  in 
of  a  cylinder  fitted 
with  a  piston.  From 
the  cylinder  passes  a 
tube,  which  opens  on 
a  brass  plate.  The 
plate  supports  a  bell 
jar  (the  receiver),  the 


123. 
1650. 


lower  edge  of  which  is 
carefully  ground  and 
smeared  with  grease,  so 
as  to  be  closely  united 
with  the  plate.  When 
the  piston  is  raised, 
air  is  drawn  out  of  the 
receiver  to  occupy  the 

space  left  void  by  the  piston.  A  valve  opens  so 
as  to  permit  air  to  pass  from  the  bell-jar.  In  the 
piston  is  an  opening  guarded  by  a  valve,  but  its 
direction  of  opening  is  such  that  the  atmosphenc 
pressure  keeps  it  closed  during  the  ascent  of  the 


123.— Tlie  Air  Pump. 
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piston.    When  the  piston  descends  the  pressure  closes 
the  receiver  valve,  and  prevents  the  air  being  driven 
back,  and  it,  at  the  same  time,  opens  the  piston  valve 
and  permits  the  escape  of  the  air  ontwards;  when  the 
piston  again  _  ascends  its  valve  closes,  and  a  further 
quantity  of  air  is  withdrawn  from  the  receiver.  With 
each  movement  of  the  pump  only  a  fraction  of  the  air  is 
removed,  the  gas  becoming  more  and  more  rarefied, 
because,  owing  to  its  elastic  property,  it  expands  to 
occupy  the  space.     With  each  stroke  the  quantity 
removed,  therefore,  diminishes,  and  a  perfect  vacuum 
can  never  be  produced  in  this  way,  because  it  is 
always  just  a  fraction  of  the  rarefied  air  that  is  with- 
drawn.   There  is  a  limit,  then,  which  cannot  be  passed, 
lb  will  be  readily  understood,  that,  as  the  rarefaction 
proceeds,  the  two  sides  of  the  piston  will  be  under 
different  pressures  ;  the  outer  side  under  atmospheric 
pressure,  and  the  inner  side  under  the  pressure  of  the 
rarefied  air,  the  former  greatly  preponderating.  Every 
upward  movement  of  the  piston  will  be  macfe  with  in- 
creasing difficulty  against  the  atmospheric  pressure 
ihis  IS  overcome  by  using  a  two-barrelled  ■  pump,  (as 
in  the  figure)  the  pistons  being  worked  by  a  horizontal 
lever,  so  that  one  is  up  when  the  other  is  down  The 
hindrance  by  pressure  to  the  upward  movement  of 
one  IS  balanced  by  the  aid  to  the  downward  movement 
of  the  other.    To  indicate  the  degree  of  rarefaction  one 
bmb  of  a  bent  tube  containing  mercury,  opens  into 
the  tube  connecting  barrel  and  receiver,  the  other 
hmb  being  closed      The  dilierence  in  the  level  of 
the  mercury  in  the  two  limbs  indicates  the  pressure  • 
the  more  nearly  the  two  colunms  of  mercury  are  of 
the  same  level,  the  more  nearly  perfect  is  the  vacuum 
tor  the  ela.stic  force  of  the  gas  acting  from  the  rccoi^-cr 
would  force  the  mercury  down  in  tlio  open  limb 
and  up  to  the  top  of  the  closed  limb.  Consequently  as 
this  ehustic  force  is  reduced  by  the  rarefaction  of 
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the  gas  the  mercury  falls  in  the  closed  limb  and  rises 
in  the  other. 

Spreiisel's  a""  pwn»P  procures  a  better  vacuum 
than  the  barrel  pumps,  though  it  takes  a  considerably 
lon-er  time.    It  consists  of  a  funnel  a,  projectuig  and 
seafed  into,  a  glass  tubecoJ,  not  exceeding  one-tenth  ot 
an  inch  in  diameter,  and  longer  than 
the  barometer  tube.     The  lower  end 
of  the   tube   dips  into  an  open  glass 
vessel  B.     A  branch  from  the  upper 
part  of  the  tube  leads  off  to  a  receiver  R, 
which  is  to  be  exhausted.    Mercury  is 
poured  into  the  funnel,  and  falls  from 
it  down  the  tube.     In  domg  so  it 
carries  air  with  it,  drawn  from  the 
receiver  ;  a  series  of  short  columns  ot 
mercury,  separated  by  air  spaces,  thus 
move  down  the  tube.  The  mercury  being 
caught  in  the  open  vessel  below  soon 
covers  the  lower  opening  of  the  tube  and 
prevents  air  entering  from  below.    As  the  exhaustion 
rcomes  more  and  more  complete  the  columns  of  mer- 
cury become  longer,  and  the  air  f^^.^^  ; 
len-th  a  regular  column  of  mercury  stands  m  the  tube 
t^Seait  the  barometer  height,  and  if  mercury  be  now 
allowed  to  fall  from  the  funnel  on  to  the  mercury 
:duTnt  no  fir  is  enclosed,  and  a  hard  metallic  sound 

^C^:ffecC  on  the  .unnan  I>ody  of.  atm. 
snheric  pressure  are  various.  On  every  square  inch  of 
Jie  pressure  is  14  7  pounds.  J^^^^ 
not  felt  because  it  is  exercised  m  '^l^  diiec^^^n  '  ^^^^^^ 
over  all  is,  therefore,  m  equilibrium,  ^^^f^^^^  '^^^^^^ 
thelesB,  a  very  important  part  ^l^f^^^T^^ 
processes  The  entrance  of  air  into  the  iun  s,  ai 
processes,     i  dependent  on  variations  of 

exit  from  the  lungs,  aic  „:,.  Jin-lit  hivin"- 

pressure.    The  cavity  of  the  chest  is  an -tight,  havm. 


Fig.  124.— Spveu- 
gel's  Pump. 
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no  communication  with  the  outside  air.  Suspended  in  it 
are  the  two  lungs,  which  may  be  considered  as  two  sacs 
communicating  by  means  of  the  bronchial  tubes  and 
trachea  with  the  external  air,  there  being  no  connec- 
tion between  the  cavities  of  the  sacs  and  that  of  the 
thorax.  In  what  may  be  called  the  noi-mal  position, 
the  cavity  of  the  chest  is  completely  filled  with  the 
lungs,  heai-t,  and  other  thoracic  organs  ;  and  there  is 
equilibrium.  The  walls  of  the  lungs  are  thus  sub- 
jected to  two  forces  ;  one,  that  of  the  atmosphere,  from 
without ;  the  other  from  the  cavity  of  the  thorax,  from 
within ;  two  equal  and  opposite  forces,  that  is.  By 
the  descent  of  the  muscular  floor  of  the  chest  (the 
diaphragm),  and  by  the  raising  and  rotation  of  the  ribs, 
the  extent  of  the  cavity  is  increased,  the  thoracic 
organs  are  no  longer  sufficient  to  fill  the  enlarged 
thoracic  chamber,  and  there  is  thus  a  tendency  to 
create  a  void  space.  The  walls  of  the  lungs  will  no 
longer  be  in  equilibrium  by  two  equal  and  opposite 
forces,  for  the  force  acting  from  the  cavity  outwards  is 
diminished.  Consequently  the  atmospheric  pressure 
gains  the  mastery  and  distends  the  lungs,  till  their  in- 
crease in  size  corresponds  to  the  increase  of  thoracic 
space,  when  equilibrium  is  again  restored.  Thus,  in- 
spiration is  efl'ected.  But  the  increased  size  of 'the 
chamber  has  been  produced  by  muscular  efifort,  and  as 
soon  as  that  eS"ort  is  over  the  elastic  reaction  of  the 
thoracic  walls,  etc.,  comes  into  play;  the  diaphragm 
ascends,  the  ribs  proceed  to  assume  their  former  posi- 
tion. _  The  play  of  these  forces,  aU  tending  to  reduce 
the  size  of  the  chest  cavity,  is  too  much  for  the 
atmospheric  pressure.  The  state  of  atikirs  is  thus 
reversed,  for  the  greater  force  is  now  acting  on  the 
wall  of  the  lungs  from  within  outwards.  The 
diminishing  size  of  the  chest  cavity,  aided  by  the 
elasticity  of  the  lung  tissue  itself,  reduces  the  volume 
of  the  lung,  air  is  thus  expelled,  and  tlie  act  of 
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off  from  the  outer  air. 


respiration  accomplished,  when  again  equihbrium  is 
restored,  only,  however,  to  be  again  disturbed,  after  a 
short  pause,  by  a  re-enlargement  of  the  chest  cavity, 
and  a  repetition  of  the  old  process. 

Thouoh  the  phrase  chest  cavity  is  used,  it  must  be 
noted  timt  there  is  no  actual  space  between  the  chest 
walls  and  their  contained  organs.  The  lungs  distend 
•pari  fassu  with  the  enlargement  of  the  chest,  and 
consequently  a  space  is  not  actually  produced. 

The  distension  of  the  lungs,  then,  producing_ inspi- 
ration is  simply  due  to  diminution  of  pressure  m  the 
chamber  in  which  they  are  suspended.  Reference  to 
pa^e  270  will  show  that  rarefaction  of  the  air  m  a 
receiver  will  cause  a  bladder  contamed  m  it,  and 
partially  filled  with  air,  to  become  expanded  by  the 
elastic  force  of  the  air  it  contains.  Much  moi-e  will 
such  distension  occur  wlien  the  bladder  is  not  shut 

Fiff.  125  shows  how  the  pro- 
cess of  inspiration  and 
expiration  may  be  me- 
chanically simulated. 

It  represents  a 
glass   flask   with  a 
bottom  of    leather  4 
movable   by   a  knob 
5.     The  wide  mouth 
of  the  flask  is  closed 
by  an  air-tight-fitting 
cork,    through  which 
passes  a   glass  tube.     The  tube  divides  into  two 
branches,  the  extremity  of  each  having  attached  to  it 
an  indiarubber  bag.   The  bags  have  no  communication 
with  the  air  in  the  flask,  but  communicate  with   l  e 
air  outside  by  means  of  the  tube.    At  one  sic  e  of  the 
flask  is  a  mercury  manonieter  3  open  to  «  e  an  m 
the  flask     At  the  other  side  a  small  portion  ot  tlio 
wall  6  Is  formed  of  indiarubber.     In  the  position 
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1^5 .—The  Mecliniiism  of  luspira- 
tioii  and  Expiration. 
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indicated  by  the  left-liand  figure  the  walls   of  the 
iiidiarubber  bags  are  jsressed  on  from  without  by  the 
atmospheric  jDressure,  and  from  within  by  the  pressure 
in  the  cavity  of  the  flask.    Those  two  forces  are  in 
equilibrium,  as  indicated  by  the  level  of  mercury  in 
the  two  limbs  of  the  manometer,  and  the  bags  are 
collapsed     Now  let  the  leather  bottom  be  pulled 
down  by  the  knob  5,  the  air  in  the  flask  is  at  once 
rarefied  to  fill  the  increased  space ;  pressure  is,  there- 
fore, lowered,  as  indicated  by  the  rise  of  mercury  in 
the  limb  of  the  manometer  next  to  the  flask,  and  by 
the  forcing  inwards  of  the  indiarubber  part  of  the 
opposite  wall    But  this  diminution  of  pj-essure  does 
not  continue,  for  the  atmospheric    pressure  beino- 
constant,  and  opposed  by  a  diminished  resistance^ 
distends  the  indiarubber  bags.    As  they  distend  the 
increased  space   gets  occupied   by    their  increased 
volume,  and  the  diminution  of  pressure  gets  less  and 
less,  as  indicated  by  the  fall  of  the  mercury  towards 
its  former  level    When  the  bags  are  suflBciently  dis- 
tended equilibrium  is  re-established,  the  mercury  is 
again  equal  in  both  limbs,  and  the  indiarubber  part  of 
the  wall  is  no  longer  pressed  inwards.    If  now  the 
leather  bottom  be  forced  upwaixls,  a  rapid  rise  of 
mercury  in  the  ofT-limb  of  the  manometer,  and  a 
bulgmg  outwards  of  the  indiarubber  wall,  indicate 
increase  of  pressure  in  the  cavity  of  the  flask.  But 
at  once  the  indiarubber  bags,  pressed  upon,  become 
dimnnshed  m  size,  and  expel  the  air  they  contain. 
-Thus  the  increase  of  pressure  is  no  more  constant 
than  was  the  decrease.     As  the  bags  diminish  in 
volume  tlie  mercury  falls  in  the  ofillimb,  till,  when  they 
have  been  restored  to  their  former  size,  the  level  is 
again  what  it  was  at  first.    Thus  alLcrnate  distension 
and  collapse  of  the  indiarubber  bags  can  be  produced 
by  vanations  of  the  pressure  in  the  cavity  of  tlie 
flask,  just  as  the  alternate  distension  and  diminution 
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in  size  of  the  lungs  are  produced  by  variations  of 
pressure  in  the  cavity  of  the  chest.  _ 

The  variations  may  be  shortly  expressed  as  diminu- 
tion of  pressure  on  inspiration,  and  increase  of  pressure 
on  expiration.  They  will  produce  effects  on  other 
thoracic  organs.  Notably  will  they  affect  the  circula- 
tion of  the  blood.  For  the  diminution  will  aid  the 
flow  from  the  large  veins  into  the  heart,  while  it  will 
interfere  with  the  outward  flow  from  the  heart  into 
the  arteries,  the  result  being  favourable  to  the  venous 

circulation.  . 

What  the  constant  effects  of  atmospheric  pressure 
are,  becomes  very  apparent  when  one  ascends  a  consider- 
able distance  from  tlie  sea-level,  either  by  means  of  a 
balloon  or  by  climbing  a  high  mountain.    The  pressure 
gradually  diminishes  as  one  ascends,  and  the  an 
becomes  rarefied.    The  first  effects  are  quickenrng  of 
the  respirations,  because,  the  air  being  rarefied  less 
oxv-en  is  taken  in  with  every  inspiration,  and  to  get 
the  ordinary  amount  more  frequent  mspiration  is 
necessary.    The  heart's  action  is  also  mcreased.  it 
the  ascent  be  continued  a  sense  of  fatigue  is  experienced 
dyspnoea  and  venous  congestions  occur;  a^id   ow  ng 
to  the  pressure  from  within  remaining  constant,  wh  e 
the  external  pressure  is  greatly  reduced,  the  hm  walls 
of  the  capillaries  may  give  way,  and  hemorrhage  take 
place,  especially  in  situations  where,  owing  to  t  e 
looseness  of   the  texture,  external  support  to  the 
vessX  is  least,  as  in  the  walls  of  the  lungs,  the 
mucous  lining  of  nose  and  air-passages  lips,  etc. 

Still  further,  the  close  apposition  of  bones  connec  ed 
at  the  joints  is  largely  effected  and  ^^^^^ 
atmospheric  pressure,  without  the  need  of  muscular 
eSr^  The  brothers  Weber  showed  this  by  cutting 
ail  tl  e  muscles  and  ligaments  surrounding  the  coxo- 
fo  noral  articulation  and  the  capsule  of  the  joint,  but 
Ihrhirofthe  femur  still  remained  closely  applied  to 
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the  walls  of  the  cotyloid  cavity.  As  soon  as  a  hole 
was  drilled  through  the  pelvic  wall  into  the  dejjth  of 
the  cavity  the  femur  fell  away. 

Cupping  instruments  exhibit  very  well  locally 
the  elTects  of  diminished  pressure.  A  small  glass  cup, 
exhausted  of  air,  is  closely  applied  to  the  skin,  and  at 
once  the  part  bulges  out  into  the  cup,  becomes  red 
and  congested  by  the  afSux  of  blood.  If  the  part 
have  been  pi-eviously  scarified  a  copious  flow  of  blood 
is  produced.  Dry  cupping  is  the  phrase  applied  to  the 
use  of  the  instruments  without  scarification.  It  pro- 
duces merely  a  local  determination  of  blood.  The 
exhaustion  is  accomplished  by  moistening  the  inner 
surface  of  the  cup  with  spirit,  setting  fire  to  it,  and 
immediately  applying  it ;  or  a  cup  may  be  used,  con- 
nected with  an  a.spirator,  for  withdrawing  the  air  after 
it  is  applied. 

Liquefaction  of  gas — It  has  been  observed 
that  gases  resemble  liquids  in  many  respects,  but  differ 
from  them  in  the  mutual  repulsion  of  their  molecules, 
in  virtue  of  which  they  tend  to  expand  and  fill  what- 
ever space  may  enclose  them.  Diminution  of  pressure 
permits  the  expansion  to  take  place,  and  increased 
temperature  encourages  it.  On  the  other  hand, 
increased  pressure  and  diminished  temperature  would 
both  alike  hinder  the  rarefaction  and  produce  a  con- 
densation. It  might  be  expected  that  if  the  pressure 
could  be  sufficiently  increased  and  the  temperature 
sufficiently  lowered  the  condensation  might  be  so 
great  as  to  reduce  the  gas  to  the  liquid  state.  Both 
increased  pressure  and  diminished  temperature  can 
liquefy  certain  gases,  a  combination  of  both  being 
often  used.  _  Thus  sulphuric  acid  gas,  carbonic  acid 
gas,  and  nitrous  oxide  gas  were  early  liquefied  by 
])ressures  varying  from  2^  to  45  atmo.spheres ;  but  till 
recent  years  air,  oxygen,  hydrogen,  nitrogen,  nitric 
oxide,  and  marsh  gas  had  resisted.    Lately,  however 
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oxv-en  has  been  liquefied  by  a  pressure  of  300 
atmospheres,  aided  by  a  very  J^- .  .^^^JPT^ou; 
obtained  by  the  evaporation  of  11^^^'^^.^"^?^";°^^' 
acid  and  solid  carbonic  acid,  and  other  means. 
Sogen  required  a  pressure  of  200,  and  hydrogen 
of  280  atmospheres. 

DIFFUSION  AND  ABSORPTION  OF  GASES. 

Diffusion  of  gases—AVhen  two   gases  are 
placed  in  contact  with  one  another  at  the  ^aine  tem 
perature  and  pressure,  they  mix  rapidly  ^^^^  f « 
las  is  uniformly  diffused  throughout  the  othei.  Ihe 
diffusion  is  quite  independent  of  gravity,  for  it  ^^aU 
0  cm  bet^^el  a  mass  of  carbonic  acid  gas  below  and 
a  mLs  of  hydrogen  above,  the  heavy  gas  rising  up 
intTSe  1  ght  one:and  the  light  oneditfusmg  through- 
out the  heavy  one  below.    All  gases  possess  this 
property  n  virtue  of  their  tendency  always  to  expand 
u  J  fill  any  space  open  to  them.     One  gas  wi  1  not 
Spand  into  a\pace  occupied  by  the  same  gas  if  the 
temperatures  and  pressures  are  the  "^f ^^"^ 

the  gases  are  different  difiusion  goes  on  just 
o^sef  were    expanding   into  a  vacuum,  on^y  -th 
diminished  speed.  In  a  mixture,  accovdmg  to  Dalto^^^ 
..w,  each  gas  ^^s 

gas  IS  i3  calculated  by  muUiplyiug 

O  is  7 GO  X  /oV 
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Gases  are  found  to  differ  from  one  anotlier  in  t),e 
rate  wrth  which  the7diffu.se.    Experim.ents  made  by 

density,  the  less  dense  gas  diffusing  more  rapidly  than 
the  denser  gas,  the  gases  diffusing  in  tl  e  inverse 
pi^por tion  to  the  square  roots  oi   their  densities 
Thus,  the  ratio  of  the  density  of  hydrogen  to  that  o 
oxygen  being  as  1  :  4,  their  diffusiv^  rates  will  be  Z 
l;;,-  Sf"'^'  placed  in  contact  with  one 

another,  experiment  has  shown  that  the  mixture  w  11 
be  more_  rapid  as  the  difference  of  density  betwle 
the  two  IS  greater.    This  is  to  be  expected  Lnf  wh!at 
has  been  already  seen  to  apply  between  two  Zi  h  o 

entTf  tST  ^^^^  S-^-*-  dSer 

ence  ot   densities  the   more  rapid   is  the    rate  of 

exchange  and  as  the  two  liquids  Lme  to  approJ  niate 

The  Physiological  application  of  these  law. 
s   apparent    in    respiration.     About  thirty  cubic 
inches,  of  a  gas  containing  O,  N  and  TO  in  .o  f 

ceed  r-t,?"^^".*'',.*'^^  expiration  immediately  sue- 
m  X  t  "^T^'""^  tvvo-thirds  have  already  bX  to 

greate.,t.^Th™,  thcgl,  u,e  two-U,i„Is  of  ihc  i„.,pi„d 
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air  as  it  penetrates  more  and  more  deeply  into  the 
bronc  nal  tubes,  loses  its  O  and  -cewes  more  and 
no        rate  of  diffusion  is  not  mipaiied,  since 

occupying  the  l^^g„''  f  ^rts  ;  and 

to  this  exchange  between  blood  and  an  ^ylli 

difiusion.    A  guss  T-uue  ,^ 

experimented  -t^^  cl-^^^^^^^^^  ^^^^  in  m'ercmy, 

gypsum,  he  othei  end  bem  The 

was  employed.    It  is  caiieci  a 

diffusion  took  place  ^^S^^^^^^^^^^^^^^^^^ 

the  same  rate  as  it  ^ould  have  taken  P 

The  septum  was  not  found  it  was 

any  ^^-tTl.:  intaSS  tt^^^^^^^^^  of  the  gas 
necessary  to  take  ^^^o  accoun  the  co- 

and  of  the  porous  diap^iiagm  ^  ^s  and 

the  'i-H^ragm.  other  side  of  the  septum 

hydrogen  and  ail  was^o  .^^^^ 

:fSS;;tSJei.er^^^^^ 

^^.^HllS^^:^ CC^th^r^ered  ^^^^ 
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C0„  could  escape,  and  so  tlie  mercuiy  fell  in  the  tube 
Where  the  septum  separated  gas  at  different  pressures 
the  effect  of  the  diffusion  was  to  restore  equilibrium  • 
that  IS,  the  diffusion  went  on  until  the  pressure  on 
each  side  of  the  septum  was  the  same,  and  the  rate  of 
ditiusion  was  greater  the  greater  the  difference  of 
pressure  on  the  two  sides.    Suppose,  then,  a  septum 
to  separate  two  masses  of  mixed  gases,  each  mixture 
contammg  O  and  CO,,  the  partial  pressure  of  0  beiiic. 
great  and  of  CO.,  small  on  one  side,  and  that  of  O 
small  and  CO,  great  on  the  other,  the  result  would 
be  an  exchaiige  between  the  two  mixtures  through 
the  septum,  O  passing  in  one  direction  and  CO,  in  the 
other,  till  the  partial  pressure  of  each  gas  was  the 
same  on  each  side  of  the  septum 

be  absorbed  by  liquids  and  retained  in  solution  by 
them.  Graham  concludes  "that  gases  may  owe  their 
absorption  by  liquids  to  their  capability  of  beino- 
iquehed  and  to  the  affinities  of  liquids  (apparent  in 
their  miscibihty),  to  which  they  become  in  this  way 

Shife  '  f"  "f°^-'^*""^  "'^^'^^  ^  ''^^^"^^ 

and  to  them  may  be  extended  the  laws  which  ho  d  in 
such  iquids."    It  is  found  that  the  gases  most  readi^ 

imofnt     Tl  -^-^-^ed  in  grea  s^ 

amount  Ihus  carbonic  acid  gas,  ammonia,  sulphur 
ous  acid  gas  hydrochloric  acid  gas  are  at  o;ce  eaX 
liquefied  and  absorbed,  while  oxygen   nitro 'en   n  id 

r V^f^"'*^'  feeM;rorbTch 

same  .Ts    T  «f 
Taaal'\.  T  '''''' absorption  or  solubility 

oj  a  gas  is  the  volume  of  the  gas  absorbed  by  unit 
volume  of  the  liquid  at  0°  C.  aiTd  760  mm  pZZ 
The  amount  of  gas  absorbed  by  the  same  liquid  vlr  I; 
with    the    temperature    and    pressure.  Increased 
temperature    cUmiu.shes  the   amount  the  t 
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capable  of  holding  in  solution,  ^ybile  diminished 
pressure  has  the  same  effect.  Diminished  tempera- 
ture or  increased  pressure  have  the  reverse  effect 
Thus  when  a  liquid  has  absorbed  its  quantity  ot  a 
particular  gas  at  a  certain  temperature  and  pressure^^ 
a  diminution  of  the  former  and  increase  of  the  lattei 
wil  cause  an  added  amount  of  gas  to  be  absorbed, 
but  not  in  direct  proportion.  On  the  other  hand, 
r2in<.  the  temperature  or  diminishing  the  pressure 
wTcluse  the  Uquid  to  give  off  some  of  its  absorbed 

^'"'The  absorptive  power  of  a  liquid  for  a  particular 
gas  is  indepenilent  of  other  gases  which  ^^^^  w  th  a 
Lid  in  solution.  Thus  a  liquid  in  contf  with  a 
mixture  of  gases  absorbs  a  quantity  of  each  gas,  J"st 
STit  were  the  only  one  present,  the  amount  being 
determined  by  the  coefficient  of  absorption  and  the 
p  Sr  of  th'e  gas  in  the  mixture.     The  coe&cient  of 

Sorption  between  water  ^l^^  ^^^^^f  T-  IL  lr:!^^^^^ 
between  water  and  nitrogen  is  0-01748  ,  the  Pressure 
of  O  in  the  atmosphere  is  0-21  of  the  total,  that  of 
N,  0-79.  Thus  the  ratio  of  the  absorption  by  water 
nf'o  and  N  is  as  34  and  66. 

IfTliquid  containing  already  in  solution  a  certam 
amount  of  CO,  be  exposed  to  an  atmosphei  e  of  CO, 

same   m   both,  no  exclian^e  atmosphere  be 

Tinwpver   the  pressure  ot  CU,  m  tne  atmuap 

~^^-^'.:^^ri":s^;^^^  Smi- 
ths pressures  a^'^  ^^"^l^f  i    ^a,  gas  will  be 

on  the  ^,,,°;%"^i,uid  containbig  already 

evolved     Suppose,  then,       1  ^ 

in  solution  botli  U  ana  kjkj^  ^       r  p,. 
sphere  of  mixed  gas  containing  also  O  and  CO,,  any 
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exchange  that  may  be  effected  will  depend  on  the 
partial  pressures  of  each  gas  in  the  liquid  and  in  the 
atmosphere.  Suppose  the  liquid  to  contain  O  at  a 
less  and  CO.,  at  a  greater  pressure  than  the  atmo- 
sphere, then  0  will  pass  from  the  atmosphere  into  the 
liquid  and  CO,  from  the  liquid  into  the  atmosphere 

ihe  exchanges  iii  the  lHiig:s  between  the  blood 
and  the  air  cells,  is,  to  a  large  extent,  a  physical  problem 
to  be  solved  by  the  application  of  the  laws  that  have 
been  stated.  The  delicate  walls  of  the  air  cells  and  of 
the  pulmonary  capillaries  form  a  septum,  separating,  on 
the  one  side,  blood  containing  oxygen  and  carbonic  acid 
gas  and  nitrogen,  from  air  on  the  other  side,  containing 
he  same  gases  Disregarding  the  nitrogen,  the  pres*! 
sures  of  0  and  CO,  in  the  two  cases  are  found  t^o  be 
very  different,  as  the  following  tables  show  : 

Pee.ssure  of  Oxygen. 

In  the  Pulmonary      In  the  Air  of  Ditfer- 
Inepiration  (calm)     .  "-^^^IT"^"         t^^e  Air  Cells.  enca 
Inspiration  (deep)     .    .    44                     uq  qa 
Expiration  (calm)     .    .    44                     ioi  77 
Expiration  (deep)     .    .    44                   1x0  S 

Pressure  of  Carbonic  Acid  Gas. 

In  the  Pulmonary      In  the  Air  of  Differ- 

Tn.spiration  (calm)                              the  Ai,- Cells.  ence. 

Inspiration  (deeij)     .    .    82                        ,  « 

Expiration  (calm)     .    .    82  I°  ■ 
E.vpiration  (deep)     .    .    82  7-, 

"<  15 

(Beaunis.) 

Supposing  for  the  moment  the  blood  to  be  in  direct 
air  Si^to  tS tr'Tf  P^^^"^-'?  fr--  the 
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the  differences  of  pressure  during  both  acts  being  so 
considerable.    A  transference  of  carbonic  acid  gas 
from  the  blood  into  the  air  cells  would  also  be  ac- 
complished specially  during  inspiration,  since  during 
expiration    the    pressures    appi^ach    one  another 
The  problem,  however,  is  ^^^^  the  sun  pie  one  thus 
represented,  for  between  tho  blood  and  the  an  is 
the  organic  septum,  moistened  on  one  s^^e  by  the 
blood    and  on  the  side  of  the  air  also  moist,  like 
the  rest  of  the  mucous  lining  of  the  lungs.    The  mem- 
Irane,  therefore,  separates  two  solutions  contan^^^ 
different  quantities  of  the  same  gases,  ^^-^  P^°f  ^ 
of  osmosis,  already  discussed  m  chap.  xxu.  enteis  as 
an  atent  iA  the  transference.    A  second  and  more  m- 
;:rtant   modifying   agent,  however,    --f  ^^^^l 
considered.    Blood,  deprived  of  its   red   l^loo'^  ^or 
KiscS,  is  found  to  absorb  about  the  same  quantity  o 
o-cveen  as  water,  and  in  accordance  with  the  ia^^  ot 
Ssst^es  but  a  much  less  quantity  than  the  usual 
Txyg  1  of  the  blood.    Further,  blood  not  deprived  of 
^'corpuscles  is  found  not  to  absoi^  oxygen  in  a. 
povdance  with  Dalton's  law  of  pressures,    it  placea  m 

„ot  vield  up  its  gases  in  proportion  as  the  raietacuon 
proceeds  but  when  a  certain  degree  of  exhaustion  ha. 
^  en  readied  a  large  quantity  rapidly  comes  off.  Th 

l>-oglobin  of  ^J^^^S^t:^ 
variations  from  the  pl^sicai  law. 

oxygen,       1  atmosphere  ot  oxygen,  it 

tet  ra,  idT^^^^^^^^     a  conskleUle  quantity,  and 
^LAtS'does  not  absorb  "--^-^-^""wS 
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globiu  of  the  blood.  The  great  difference  of  pressure 
then,  between  the  0  in  the  blood  and  that  in  the  air 
cells,  while  a  very  important  factor  in  the  absorption 
ot  that  gas  by  the  blood,  is  not  the  only  one. 
Similarly,  the  carbonic  acid  gas  is  not  in  the  blood 
in  a  simple  state  of  solution.  A  diminution  of 
pressure  will  not  cause  all  the  CO,  to  be  evolved 
nor  does  the  evolution  follow  the  law  of  pressures' 
it  seems  to  be  in  loose  chemical  combination  with  cer- 
tain salts  of  the  serum.  Here,  also,  therefore,  in 
addition  to  the  physical  explanation  offered  by  the 
difference  m  tension  between  the  CO,  of  the  blood  and 
that  of  the  an-  cells,  the  chemical  explanation  must 
be  taken  into  account. 

A  sufficiently  low  pressure,  however,  will  cause  to 
be  evolved  from  the  blood  the  gas  it  contains  in  solu- 
^on  as  well  as  the  gas  held  in  unstable  combination, 
with  the  exception  of  a  small  percentage  (2  to  5)  of 
carbonic  acid  gas,  which  requires  the  addftion  of  some 
acid  to  drive  It  off    The  method  of  obtaining  the  ga^es 
of  the  blood  for  analysis  proceeds  on  this  principlf  1 
vacuum  IS  created  in  a  receiver,  usually  by  means  of  a 
mass  of  mercury,  producing  the  Torricellian  vacuum 
The  receiver  IS  connected,  by  means  of  a  short  tube  and 
canule  with  an  artery  of  the  animal  whose  blood  is  o 
be  analysed.    As  soon  as  a  sufficient  exhaustion  has 
been  obtamed,  the  communication  between  the  rrte,^ 
and  receiver  IS  opened  and  the  blood  rushes  in  the  .7s 
bemg  immediately  evolved.     If  the  receiver^e  S 
1  an  oiiter  vessel  containing  M^arm  water,  the  be," 
on  of  the  gas  is  aided.     If,  then,  a  suuall  qn  in  ty  of 
carbonic  acid  solution  be  permitted    to    enter  the 
r  ceiver,  the  "fixed  "  CO,  is  liberated,  and  tS  reaft  r 
all  the  gases  may  be  collected  into  a  graduated  tube 
over  mercury,  and  analysed.  °  " 


OPTICS. 


CHAPTER  XXIV. 

LIGHT  :  REFLECTION  AND  EEFBACTION. 

The  nature  of  light — The  generally  acce])ted 
explanation  of  the  nature  of  light  is  that  offered  by 
what  is  called  the  undulatory  theory,  a  theory 
proposed  by  Huyghens,  in  opposition  to  the  emission 
OR  CORPUSCULAR  theory,  supported  by  Newton. 
The  latter  theory  supposed  that  luminous  bodies  gave 
out  in  all  directions  very  subtle  particles,  which, 
reaching  the  eye,  affected  it  and  gave  rise  to  the 
sensation  that  we  call  light,  the  intensity  of  the  light 
being  determined  by  the  number  of  emanations.  The 
former  theory,  advocated  also  by  Young,  views  light 
as  a  mode  of  motion,  as  heat  and  sound  are  viewed  as 
modes  of  motion.  A  luminous  body  is  thus  held  to 
be  a  body  whose  particles  are  in  a  state  of  vibration. 
The  vibrations  require  to  be  transmitted  to  our  eyes 
if  they  are  to  give  rise  to  a  luminous  impression. 
The  ordinary  atmosphere  is  the  medium  by  which  the 
vibrations  of  a  sounding  body  are  communicated  to 
our  ears;  but  a  luaiiuous  body  does  not  become  in- 
visible in  a  vacuum,  as  a  sounding  body  becomes 
inaudible.  Hence  it  became  necessary  to  suppose 
the  existence  of  a  highly  elastic  medium  pervading 
all  space  and  all  bodies,  to  which  luminous  bodies 
communicated  their  vibrations,  and  which  transmitted 
them  with  enormous  velocity.    The  medium  is  called 
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the  LUMINIFEROUS  ETHER.    The  undulations  of  light 
are  in  a  particular  direction,  namely,  transverse  to 
the  direction  of  propagation  of  the  wave.     If  one 
watches  the  movement  of  two  or  three  pieces  of  cork 
on  the  surface  of  water  thrown  into  waves,  the  ti'ans- 
verse  vibration  v/ill  be'  understood.    As  the  wave 
reaches  one  piece  of  cork,  the  cork  rises,  occupying 
different  levels  with  the  progress  of  the  wave,  till  it 
has  reached  its  highest  level,  corresponding  to  the 
crest  of  the  wave.    As  the  wave  j^rogresses  still 
farther  the  cork  begins  to  descend  on  its  backward 
side,  and  is  at  its  lowest  level  in  the  trough  of  the 
wave.    If  several  pieces  of  cork  happen  to  have  been 
properly  disposed,  one  piece  may  be  just  beginninc. 
the  forward  ascent  of  the  slope  when  another  is  half 
way  up,  another  at  the  crest,  another  descendin<r  the 
backward  slope,  and  another  in  the  trough  of  the 
wave.    If  one  wave  succeeds  another,  then  each  piece 
ot  cork  will  be  seen  bobbing  up  and  down  as  the 
wave  advances  and  passes,   each  piece  being  at  a 
different  level  according  to  the  part  of  the  wave  that 
has  reached  it.    When  the  wave  has  passed,  however 
all  the  pieces  of  cork  will  be  found  to  occupy  the 
position  they  occupied  before  ;  they  have  only  bobbed 
up  and  then  down  in  the  same  place,  while  the  wave 
has  passed  onwards.    Now  if  one  could  conceive  of 
the  material  of  the  wave  being  formed  of  a  larcre 
number  of  particles,  then  one  could  see  how  the  Avave 
form  is  produced  by  the  transverse  movements  of  the 
particles,  in  a  way  similar  to  that  of  the  piece  of  cork 
Ihus  the  wave  form  progresses,  but  the  vibrating  par- 
ticles sunply  move  to  and  fro  across  the  directh^n  of 
the  propagation. 

Wliat  is  called  the  pe.-iod  of  vibration  is 

ml  "P"'"^        ^^'^  P^'^'-ti^l'^s  f'om  the 

retains  to  the  same  position  in  the  same  direction 
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Thus,  to  return  to  our  illustration,  the  period  of  vibra- 
tion of  one  of  the  pieces  of  cork  may  be  counted  from 
the  moment  the  advancing  wave  reaches  it  in  its 
position  of  rest,  to  the  moment  when,  the  wave  having 
advanced  and  passed,  it  has  returned  to  the  same 
position  in  readiness  for  the  next  wave.  Or,  again, 
its  period  may  be  counted  from  the  moment  it  has 
reached  the  crest  of  one  wave  to  the  moment  when  it 
reaches  the  crest  of  the  next,  supposing  it  to  be 
vibrating  through  a  regular  series  of  waves.  By  the 
same  illustration  the  phase  of  vibration  will  be 
represented  by  the  position  occupied  by  a  piece  of 
cork  in  the  wave.  Thus  the  phase  of  each  particle  in 
the  wave  will  be  different. 

The  amplitude  of  a  vibration  is  the  distance 
from  the  middle  position  of  the  particle  to  one  of  its 
extreme  positions.  Thus,  for  one  of  the  pieces  of 
cork  it  is  the  distance  between  its  point  of  rest  and 
one  extreme  (the  crest  of  the  wave),  or  the  other 
extreme  (the  trough  of  the  wave). 

The  fi-eqiiency  of  vibration  is  determined  by  the 
number  of  vibrations  per  second  of  time.  The  fre- 
quency is  related  to  the  period.  Thus  if  the  number 
of  vibrations  be  150  per  second,  the  length  of  each 
period  is  t^o^Ii  of  ^  second. 

The  wave  leiigtli  is  the  distance  through  which 
the  change  of  form  has  been  propagated  durmg  the 
complete  period  of  vibration  of  a  particle.  The 
longer  this  period,  the  greater  will  be  the  wave  length; 
the  shorter  the  period,  the  shorter  will  be  the  wave 
length.  Thus,  with  our  illustration,  the  wave  length 
is  measured  by  the  distance  to  which  the  wave  has 
advanced  between  the  moment  when  one  piece  of 
cork  began  the  ascent  of  one  wave  of  a  series  to  the 
moment  when  it  begins  the  ascent  of  the  succeeding 
wave  of  the  series.  The  faster  the  vibi-ations  are  the 
shorter  will  be  the  wave  length. 
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Specially  as  regards  liglit,  the  intensity  depends 
on  the  amplitude  of  the  vibrations  of  the  luminous 
body.  The  frequency  of  vibrations  will  be  found  to 
determine  the  difference  in  colours,  red  being  pro- 
duced by  vibrations  of  less  frequency,  or,  wliat  is  the 
same  thing,  by  longer  wave  lengths,  tlian  the  vibra- 
tions producing  yellow  or  violet.  This  is  referred  to 
again  in  speaking  of  colour.     {See  chap,  xxvi.) 

Self-luminous  bodies,  then,  are  bodies  in  the 
state  01  vibration  to  produce  light.  Transparent 
bodies  are  those  which  transmit  the  vibrations  so  that 
on  reaching  the  "eye  they  produce  images  of  the 
object ;  while  translucent  bodies  permit  the  passage 
of  the  vibrations,  but  so  that  the  body  from  which 
they  proceed  cannot  be  distinguished.  Opaque  bodies 
do  not  transmit  the  vibrations,  but  reflect  them. 

Light  is  propagated  in  straight  lines.  It  is  thus 
that  an  opaque  body  casts  a  shadow,  since  it  intercepts 
the  light  and  causes  the  space  immediately  behind  it 
to  be  devoid  of  light. 

The  velocity  of  Ught  has  been  calculated  by 
various  experimenters.  Fizeau's  method  consists  in 
placing  a  plane  mirror  directly  in  front  of  a  source  of 
light,  but;  at  a  great  distance  from  it.  An  observer, 
stationed  behiiid  the  light,  perceives  the  beam  reflected 
from  the  mirror,  that  is,  after  it  has  travelled  from 
the  light  to  the  mirror  and  back  again.  In  front  of 
the  source  of  light  is  a  toothed  "wheel  capable  of 
being  revolved  with  a  varying  degree  of  rapidity. 
The  wheel  may  be  turned  at  such  a  rate  that  a  beam 
of  light  travelling  fi'om  the  source  may  pass  in  the 
space  between  two  teeth  and  be  reflected  in  time  to 
be  intercepted  by  a  tooth,  so  that  the  liglit  will  be 
invisible.  Thiis,  from  the  rajiidity  of  the  wheel's 
revolution,  and  the  number  of  teeth,  the  time  occupied 
by  the  light  in  travelling  to  the  mirror  and  back  again 
can  be  estimated,  and,  the  distance  being  known,  the 
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velocity  of  light  can  be  calculated.  The  velocity  is 
said  to  be  186,000  miles  per  second,  or  seven  and 
a  half  times  round  the  earth  per  second.  This  is 
the  velocity  in  air  ;  the  velocity  in  other  substances, 
6.(7.  water,  can  be  estimated  by  interposing  a  layer  of 
water  in  the  pathway  of  the  beam  and  finding  the 
result.  The  velocity  in  water  is  only  three-fourths 
of  that  in  air ;  and,  in  general,  the  denser  the  medium 
the  slower  the  rate. 

Due  entirely  to  the  rectilinear  propagation  of 
light  is  the  phenomenon  that  rays  transmittedTfom  a 
luminous  object  through  a  small  opening  in  the  wall 
of  a  dark  chamber  will  form  an  inverted  image  of 
the  object  on  the  opposite  wall.    Thus,  in  Fig.  126, 

the  candle  trans- 
mitting  rays 
through  the  open- 
in?  0  in  the  cham- 
ber  will  form  an 
inverted  image. 
A  ray  a  from  the 
'''^■.'^ii.X,?.^^'?  flame  of  the 
candle  passing  in 
a  straight  line 
will  reach  a'  on  the  wall  of  the  dark  chamber, 
and  will  have  a  brightness  corresponding  to  a.  Rays 
from  cf,  owing  to  the  smallness  of  the  aperture,  will 
not  illuminate  any  part  other  than  a .  Similarly 
rays  from  other  parts  of  the  candle  passing  through 
the  opening  will  illuminate,  each  to  its  own  extent, 
a  definite  piece  of  the  wall,  and  tlius  an  image 
will  be  formed,  inverted,  as  seen  in  the  figure.  The 
size  of  the  image  Avill  dejiend  on  the  distance  of  the 
opposite  wall  from  the  wall  containing  the  opening. 
Thus  the  inverted  image  of  a  landscape  may  be  pro- 
duced in  a  darkened  room  through  an  opening  in  the 
shutter.    The  smaller  the  opening  the  more  distinct 


Fig.  12(i. — Inverted  Imag 

passing  through  a  small  Opening  into  a 
dark  Chamber. 
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the  image ;  because  the  more  limited  tlie  extent  of 
surface  illuminated  by  the  separate  rays,  the  less  ten- 
dency there  is  to  overlapping. 

The  intensity  of  light  varies  inversely  as  the 
square  of  the  distance  from  the  source  of  light. 


REFLECTION  OF  LIGHT. 


polished  surface, 
Let  CD  (Fig.  127) 
ray  of  light  ab 


_  When  a  ray  of  light  falls  upon  a 
it  is  reflected  in  a  definite  direction, 
be  a  polished  surface  on  which  a 
falls,  the  ray  will  be  re- 
flected from  the  surface 
in  the  direction  be.  ab 
is  called  the  incident,  and 
BE  the  reflected  ray.  Let 
a  line  fb  be  dropped  per- 
pendicular to  the  surface  ; 
this  line  is  called  the 
normal  to  the  surface.  The  point  B  where  the  ray 
falls  is  the  point  of  incidence,  and  the  angle  abp 
by  the  incident  ray  and  the 
of  incidence,  while  the  angle 
by  the  reflected  ray  and 


127. — Eefleotion  of  Liglit. 


the 
found 


(the  angle  a),  made 
normal,  is  the  angle 
ebf  (angle  h),  made 

normal,  is  the  angle  of  reflection.  Now  it  is  .^un.i 
that  these  two  angles  are  equal  to  one  another  and 
are  m  the  same  plane.  Thus  the  two  laws  of  re- 
flection of  light  are  :  (1)  the  angle  of  incidence  is  eqval 
to  the  angle  of  refection;  and  (2)  the  incideoH  and  re- 
flected rays  are  %n  the  same  plane.  The  application  of 
these  rules  explains  the  formation  of  images  of  ob- 
jects l)y  mirrors. 

Mirrors  may  be  plane  or  curved 

^1^^-  "^ToQ?  Let  PP'  be  a   plane  mirror 

i-rig.  IJb) ;  and  suppose  ab  to  be  an  arrow  placed  in 

of  it.     Consider  rays  of  liglit  falling  from  the 
of  " 


front 
point 


the 


arrow,  "and 


meeting 


the  mirror 
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they  are  reflected  and  received  by  an  eye  placed 
as  shown  in  the  figure.  Similarly  reflected  rays 
from  B  enter  the  eye,  and  from  each  part  of  the  arrow 
reflected  rays  will  meet  the  eye.  Thus  the  eye  will 
perceive  an  image  of  ab.    But  the  eye  always  refers 

the  object  from  which  rays 
reach  it  straight  outwards 
in  the  direction  of  the  rays. 
Tims  the  eye  will  not  seem 
to  see  the  arrow  in  its  proper 
position.     Suppose  the  re- 
flected rays  from  a  to  be  pro- 
longed in  a  straight  line  back- 
wards, they  will  meet  at  the 
'^'piSiSoif          point  abehindthemiiTor,  and 
in  the  line  of  the  perpen- 
dicular let  fall  from  A  on  the  miiTor.    The  prolonga- 
tion backwards  of  the  reflected  rays  from  b  will  meet  at 
6,  and  similarly  the  prolongation  backwards  of  reflected 
rays  from  intermediate  points  between  A  and  b  will 
meet  as  shown  in  the  figure.    The  eye  will  then  see 
the  arrow  ab  as  if  it  were  behind  the  mirror.  It 
can  be  shown  that  this  image  of  the  arrow  will  be  of 
the  same  size  as  the  real  arrow,  and  will  seem  to  be  as 
far  behind  the  mirror  as  ab  is  in  front  of  it.    Thus  m 
plane  mirrors  imacjes  are  produced  of  the  same  form 
and  size  as  the  objects,  and  seem  to  he  situated  the  same 
distance  behind  as  the  object  is  in  front.    As  shown  m 
Fig.  128,  the  image  is  not  inverted,  but  it  is  reversed, 
that  is,  right  appears  left  and  left  right. 

Spherical  mii-rors  are  those  which  form  part  ot 
the  surface  of  a  hollow  sphere.  Polishing  the  inner 
surface  forms  a  concave  mirror,  and  the  outer  surface 
a  convex  mirror.  A  point  in  the  polished  surface  at 
an  equal  xlistance  from  all  parts  of  the  circumference 
is  the  A  of  the  figure.,  and  a  line  joining  this 
point  and  the  centre  of  the  sphere  of  which  the 
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Co-vcAVE  Mirrors. 


'  

Fig.  129." 


-Priuoipal  Focus 
cave  Mirror. 


Con- 


mirror  is  a  part  is  the  principal  axis  of  the  mirror. 
The  centre  of  the  sphere  is  called  the  cejitre  of  curva- 
ture. The  distance  between  the  centre  of  curvature  and 
the  surface  of  the  mirror  is  the  radius  of  curvature. 
A  secondary  axis  is  any  line  passing  through  the 
centre  of  curvature  to  the  mirror,  but  not  through  the 
centre  of  the  figure.  The  aperture  of  the  mirror  is 
the  angle  formed  by- 
lines drawn  from  the  ^.--'"^Tr 
circumference  of  the 
mirror  to  the  centre  of 
curvature. 

These  points  are 
shown  in  Fig.  12  9, 
where  ABis^the  mirror, 
o  its  *&«TTt,  c  the 
centre  of  curvature, 
LCO  the  principal  axis, 
and  the  angle  acb  the 
secondary  axes. 

Concave  mirrors. — 1.  Let  rays  of  light  par- 
allel to  the  principal  axis  fall  upon  a  concave  mirror 
(for  practical  purposes  rays  from  the  sun  are  considered 
parallel),  they  will  be  reflected  according  to  the  laws 
of  reflection,  and  will  meet  in  a  point  p  on  the  prin- 
cipal axis  of  the  mirror  (Fig.  129).  By  drawing  the 
normals  cii,  CD,  etc.,  it  can  be  shown,  that  because 
the  angle  of  incidence  gdc  is  equal  to  the  angle  of 
reflection  fdc,  gf  and  fd  are  equal,  fd  is  equal  to 
FO,  and  so  CF  and  fo  are  equal  to  one  another.  That 
is,  the  reflected  rays  meet  in  a  point  which  bisects 
the  radius  of  curvature.  F  is  called  the  principal 
focus  oi  the  mirror,  and  the  distance  FO  is  the  ^jrm- 
cipal  focal  distance.  Thus,  rays  parallel  to  the  prin- 
cipal axAs,  f ailing  on  a  concave  mirror,  are  reflected  to 
meet  in  the  principal  focal  poinf-,  lohich  is  at  a  distance 
from  the  mirror  eqioal  to  half  the  radius  of  curvature. 


CO  the  radius  of  curvature, 
aperture.     CA  and  CB  are 
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It  is  not  strictly  true  for  spherical  mirroi's  that 
all  the  reflected  rays  meet  at  one  poiiat.  It  becomes 
more  and  more  true,  however,  the  smaller  the  aper- 
ture of  the  mirror.  It  is  strictly  true  for  parabolic 
mirrors. 

If  the  rays  proceed  from  p,  then,  when  reflected, 
they  will  be  parallel. 

To  And  the  principal  focus  of  a  concave  mirror, 
expose  it  to  the  sun's  rays  and  catch  the  reflection  on 
a  screen.  Move  the  screen  nearer  to,  or  farther  away 
from,  the  mirror,  till  the  position  is  found  where  the 
image  is  best.  That  is  the  principal  focal  distance 
and  half  the  radius  of  curvatiire. 

2. '  Suppose  the  rays  are  not  parallel,  but  diverge 
from  a  point  /(Fig.  130)  the  angle  of  incidence  is  less 

than  in  the  first  case, 
so  also  will  be  the 
angle  of  reflection,  and 
the  reflected  rays  will 
consequently  meet  in 
a  poiiit  f'  outside  of 
the   principal  focus 

Fig.  130.-CoBjugate  Foci  of  Concave    ^^^^^^^^  ^-epvesented 

by  a  dot)  and  between 
it  and  the  centre  of  curvature.  Should  the  source 
of  light  be  at  f',  then  f'ac  becomes  the  angle  of  in- 
cidence, and  ca/  the  angle  of  reflection.  Since  they 
remain  equal  to  one  another,  then  the  reflected  rays 
will  meet  at  /  /  and  r'  are  thus  related  to  one 
another,  and  this  relation  is  expressed  by  saying  they 
are  conjugate  foci. 

3.  By  reference  to  Fig.  130  it  is  readily  seen  that 
the  farther /is  removed  the  larger  grows  the  angle  of 
incidence,  and  the  larger,  consequently,  the  angle  of  re- 
flection. As  a  result,  the  nearer  will  p'  approach  to  the 
principle  focus.  When  /  has  reached  an  infinite  dis- 
tance, its  rays  become  parallel,  and  when  reflected 
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meet  in  the  principal  focus.  Similarly,  the  more  / 
approaches  the  mirror  the  smaller  angle  do  its  rays 
make  with  the  normal,  the  smaller,  therefore,  groM's 
the  angle  of  reflection,  and  the  more  does  P'  approach 
to  c.  ^^-hen  y  IS  at  c,  its  rays  are  normal  to  the  sur- 
face ;  they  are  reflected  in  the  same  line,  and  the 
source  of  light  and  the  focus  coincide. 

Real  aiifl  virtual  1  foci.— In  all  the  cases  that 
have  been  considered  the  source  of  light  is  not  nearer 
the  mirror  than  the  principal  focus,  and  the  principal 
and  conjugate  foci  have  all  been  on  the  savie  side  of  the 
m^rror  as  the  sorc^-ce  of  light.    They  are,  therefore, 
called  realfocx.    When,  however,  the  source  of  light 
IS  nearer  the  mirror  than  the  principal  focus,  the 
angle  of  incidence  is  so  great  that  the  reflected  rays 
become  divergent  from  the  axis.    Thus,  in  Fia  131 
AB  IS  again  the  mirror,  and  the  other  letters  ai-e  also 
the  same   as  before.    /  is  the 
source  of  light,  /a  /b  are  the  in- 
cident, and   AM  BN  the  reflected 
i-ays.     Being  divergent,    the  re- 
flected rays  cannot  meet  on  the 
same  side  of  the  mirror  as  this 
source  of  light,  but  if  prolonged 
backwards  they  meet  in  a  point 
F  which  is  a  virtual  focus,  because  ^'^■^'tZl^'^^T 
It  IS  not  on  the  same  side  of  the 
mirror  as  the  source  of  light. 

The"^';.*^**"""?/"'"'***"^"*^^"  '^l^^^ys  virtual. 

Ihe  principal  focus  (virtual)  is  formed  by  letting 
parallel  rays  fall  upon  the  mirror.    The  reflected  ravs 
diverge,  but  if  prolonged  backwards  meet  in  a  poin 
on  the  prolongation  of  the  principal  axis.    That  ^oint 

focal  di    ""^'  '-^"^^  the  principal 

focal  distance,  equal  to  half  the  radius  of  curvatuVe. 

tLl^  t'^«  i-^y«  falling  on  the 

minor  be  divergent,  they  form  a  conjugate  focus! 
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also  virtual,   whose  position  varies  as  in  concave 
mirrors,  with  that  of  the  source.  _ 

Formation  of  images  in  spherical  muTors. 

_1   Concave  mirrors.— Let  mn  (Fig.  132)  be  a  concave 
mirror,  p  its  principal  focus,  and  in  front  of  it,  beyond 
its  centre  of  curvature  c,  let  an  object  (the  arrow 
AB)  be  placed  ;  how  may  the  position  of  the  reflected 
imUe  of  the  arrow  be  found  %  First  draw  the  principal 
axis  oc,  and  secondary  axis  from  a  and  b,  namely 
AK  and  BP     From  A  let  fall  on  the  mirror  the  mcident 
rays  ae  and  AG,  and  from  b  incident  rays       and  ^ 
These  rays  are  reflected.    The  reflected  rays  of  A  wdl 
meet  at  I  point  .  on  the  secondary  axis  ak,  and  those 
of  B  at  a  point  h  on  the  secondary  axis  bp.    The  point 
„  i  thus  the  conjugate  focus  of  a,  and  an  image 
of  the  po  nt-A  is  formed  there,  while  6  is  the  conju- 
Ite  focus  of  B,  and  an  image  of  B  is  formed  there. 
itilS;  conjugate  foci  of  f^'^^^^ 
will  be  formed  between  a  and  6   and  thus  bet^^  een 
l  and  h  an  image  of  AB  will  be  formed.    The  image 
of  the  mirror,  it  is  upside  down,  and  is 
smaller  than  AB.     Thus  in  concave  n^^rrors,  u:here  h 
is  hey  and  the  centre  of  curvature,  an  ^^nage^M 
ZXled  heiween  the  centre  of  curvature  and  the 
Unc  val  focus,  and  the  image  is  real,  mverted,  and 
Z:Z  tL  the  object.    Suppose  the  object  ..i^^^^^^ 

aninflnite  ^^^^^.X  ^^^^^^ 
'^^'"^  rrthe  Laormits  iutwards  from  the  prin- 
curvature,  the  image  mo\eb 

„jp„  focus  t„™-ds  «,c  cenf  .      f   he  ^^.^ 

'^;^^Z  Z"^lZ  tol\■,^^-^        been  said  ataut 

ili      /  V:' ; V  ^  „p  304^    For  the  same  reasons  it  will 

aG  aE  are  now  incident,  ana 
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Fig.  1.S2.— Formation  of  a  real  Image 
by  a  Coucave  Mirror. 


rays ;  the  image  of  a  is  therefore  formed  at  A,  and  b  at 
B.     AB  would  thus  become  the  image.    If,  then,  the 
object  be  between  the  centre  of  curvature  and  the 
principal    focus,  the 
image  is  real,  and  in- 
verted, but  larger  than 
the    object;   and  the 
neai'er  the  object  ap- 
proaches to  the  princi- 
pal focus,  the  larger  will 
be  the  image.  Should, 
however,  the  object  be 

at  the  principal  focus,  the  incident  rays  are  reflected 
in  a  direction  parallel  to  one  another  (page  30.3).  No 
conjugate  focus  is  fomied,  and  hence  no  image. 

Finally,  suppose  the  object  to  be  nearer  to  the 
miiTor  than  the  principal  focus,  then,  as  already  noted 

(page  30.5),  the  reflected 
rays  are  divergent.  They 
do  not  meet  in  front  of  the 
mirror,  and  no  real  image 
is  formed.  If  the  reflected 
rays  be  prolonged  back- 
wards, however,  they  will 
meet  behind  the  mirror  and  so  form  a  virtual  image. 
Thus,  let  MN  (Fig.  133)  be  a  concave  mirror,  xox'  its 
prmcipal  axis,  c  its  centre  of  curvature,  and  F  its 
principal  focus.    Within  f  place  an  arrow  ab.    Let  AG 
AE  be  incident  rays  from  a.    They  are  reflected  in  the 
du-ections  p  and  r.    Eays  bh  bl  from  b  are  reflected 
m  the  directions  s  and  t.    Prolonged  backwards,  the 
former  met  at  a  and  tlie  latter  at  b.    Thus  ab  becomes 
the  image  of  ab.    It  w  behind  the  mirror,  virtual  ■ 
ERECT,  ayid  Uirger  than  the  object.     The  nearer  the 
object  is  to  the  principal  focus,  without  coinciding  with 
It,  the  larger  is  the  virtual  image,  the  nearer  the  object 
to  the  surface  of  the  mirror,  the  smaller  is  the  imaae 


Fig.  13.3. — Virtual  Image  of  Concave 
Mirror. 
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To  summarise,  a  concave  mirror  loill  give  a  nmg- 
nified  vieiv  of  an  object,  so  long  as  the  object  is  nearer 
to  the  mirror  than  the  centre  of  curvature ;  when  the 
object  is  outside  of  the  jyrincipal  focus,  the_  image  ts 
inverted,  when  within  the  principal  focus  it  is  erect. 

2.  Convex  mirrors. — We  have  seen  that  in  con- 
vex mirrors  the  foci  are  virtual  ;  hence,  images  will 

also  be  vii-tual. 
M       ^  g  Let  MN  be  a  convex 

A,.-;.^^=^=-^       mirror(Fig.  134),ica;'its 
J-  c       r  f-Qji  t  J.-    principal  axis,  and  ab 

-  _=  i       an  aiTow  in  front  of  it. 

^       ^       Iiicident  rays  from  ab 
,  „         are  reflected  in  diver- 
Fig.    134. —■Virtual  Image  of  Convex  j-^>,„4.,-^„„   t'  r.  n 

MLiTor.  gent  directions,  i  G  H 

and  I,  their  backward 
prolongations  meet  at  A  and  B.  Here  a  virtual  image 
is  formed,  erect,  biCt  smaller  than  the  object.  Con\^ex 
mirrors,  then,  diminish  the  apparent  size  of  objects. 

The  sixe  of  the  image  may  be  calculated  from 
various  data.  Thus,  the  size  of  the  image  may  be 
calculated  from  the  size  of  the  object,  if,  besides,  the 
distance  of  each  from  the  centre  of  curvature  be 
known.    The  formula  stands  thus  : 

length  of  image^  _  distance  of  unage  from  centre  _ 
length  of 'object""  ~  distance  of  object  from  centre  ' 

distance  of  image 

length  of  image  =  length  of  object  X  distance  of  object' 

In  a  similar  way  the  size  of  the  object  may  be  calcu- 
lated, provided  the  size  of  the  image  be  known,  and 
their  respective  distances  from  the  centre  of  cur- 
vature. 

EEFKACTION  OF  LIGHT. 

A  ray  of  light  in  passing  obliquely  out  of  one 
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medium  into  another  of  different  density,  is  bent  ont 
of  its  path  at  tlie  surface  of  separation  of  the  two 
media.   The  deflection  is  called  refraction.    Fig.  135 
represents  a  ray  of  light  passing  from  air  into  water. 
If  the  ray  passed  perpendicularly  into 
the  watei-,  i.e.  in  the  direction  of  the 
normal  nn',  its  course  would  be  un- 
affected by  the  water  ;  but  when  it 
strikes    the   water    obliquely    as  in- 
dicated by  the  arrow,  then  it  does  not 
continue  a  straight  course  as  hb,  but  ^tloifof  Light™''" 
is  bent  towards  the  normal  as  Hc.  Or 
suppose  c  to  be  a  bright  object  in  the  water,  and  CH 
to  be  a  ray  of  light  reflected  by  it,  when  the  ray 
emerged  from  the  water  it  would  not  continue  a 
straight  course,  but  owing  to  the  difterent  density  of  the 
air  it  would  be  bent  away  from  the  normal,  and  would 
assume  the  direction  of  the  line  above  h.    An  eye 
placed  at  the  end  of  that  line  would,  therefore,  receive 
the  rays  proceeding  from  ,c ;  since  the  eye  always 
refers  the  luminous  object  in  the  direction  of  the 
rays  which  reach  it,  the  eye  would  seem  to  see  the 
object  c  at  b,  displaced  from  its  true  position. 

Tims,  a  ray  of  light  passing  from  one  medium  into 
another  of  greater  density,  is  refracted  towards  the 
nor7nal ;  and  passing  from  one  medium  into  another 
of  less  density,  is  refracted  away  from  the  normal. 

It  is  refraction  that  causes  a  stick  plunged 
obliquely  into  water  to  appear  bent,  the  immersed 
part  being  raised  jiearer  to  the  surface.  It  is  re- 
fraction also  that  causes  the  sun  to  appear  still  above 
the  horizon  when  it  has  actually  sunk  below  it,  the 
rays  fr-om  the  sun  being  bent  by  the  atmosphere  sur- 
rounding the  earth,  the  sun  is  caused  to  appear 
higher  than  it  actually  is.  Tlie  mirage  seen  most 
conmionly  in  hot  climates  is  also  an  efiect  of  refrac- 
tion.   Fig.  1.36  .^hows  how  rays,  say  from  a  tree  a,  are 
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bent  upwards,  owing  to  the  dimimshecl  density  of  the 
air  by  contact  with  the  heated  gi'ound,  so  as  to  reach 
the  eye  of  an  observer  at  a.    The  observer  refers  the 
object  from  which  the  rays  proceed 
_  .  |g    to   the  direction  in  which  the  rays 
reach   hira,   and    thus    an  inverted 
ji-  -  '  image  of  A  would  be  seen  at  a',  and, 

Fig.  136.-Eefrau-  in  the  same  way,  an  inverted  image 
of  a  landscape  would  be  seen. 
In  the  case  of  a  ray  of  light  passing  from  one 
medium  into  another  less  dense,  the  angle  of  refrac- 
tion must  not  be  greater  than  a  right  angle,  else  the 
refracted  ray  will  not  emerge  from  the  dense  medium 
but  will  be  reflected  at  its  surface.    If  the  angle  of 
refraction    be  a  right  angle,  the  ray  is  refracted 
parallel  to  the  surface  of  the  dense  medium,  ihe 
value  of  the  angle  of  incidence  giving  rise  to  tlie  right 
an<^le  of  refraction,  is  cabled  the  critical  angle,  because 
any  greater  angle  will  prevent  the  emergence  of  the 
ray     When,  owing  to  the  greatness  of  the  angle  ot 
refraction,  the  ray  does  not  emerge,  the  occurrence  is 
called  TOTAL  reflection.  .    •  i  4- 

The  laws  of  refraction  are  that  the  mciaent 
and  refracted  rays  are  in  the  same  plane,  and  that 
there  is  a  definite  relationship  between  the  angle  of 
incidence  and  the  angle  of  refraction.    Ihe  angle  of 
incidence  is  that  made  by  the  incident  ray  and  he 
normal;  that  of  refraction  is  made  by  the  refi  acted 
^y  and  the  normal.     In  Fig.  135,  ln'  is  he  normal, 
the  angle  i  is  the  angle  of  incidence,  and  the  angle  r 
is  the  angle   of  refaction.     The  relation  between 
these  two"  angles  is  such  that  their  sines  are  m  a 
constant  ratio     This  is  expressed  by  saying  thao 
^  =  a  constant  quantity  designated  by  m-  This 
Zs'tant  ratio  is  called  the  index  op  kekractiok. 
From  air  to  water  the  index  is  four-thirds,  or  1  o3. 
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The  refractive  index  of  the  diamond  is  very  high, 
2755;  that  of  flint  glass  is  1-576,  of  water  1-33G,  of 
the  aqueous  humour  of  the  eye,  1-337,  of  vitreous 
humour,  1-339,  of  crystalline  lens,  1-337  to  1-4. 


CHAPTER  XXY.  -^^{li-,^^- 

THE  ACTION  OF   PRISMS  AND  LENSES. 

Refraction  by  a  plate  Avitli  parallel  faces. 

— If  a  ray  of  light  pass  thi'ough  a  transparent  body 
and  out  at  the  other  side,  it  is  evident  that  it  will 
be  twice  refracted,  first  when  it  enters  the  body, 
secondly  when  it  leaves,  and  that  the  two  refractions 
will  be  in  different  directions.  This  is  shown  in  Fig. 
137,  where  the  ray  ab  falls  on  a  plate  whose  faces 
are  parallel.  On  entering  the  plate 
it  is  bent  towards  the  normal,  and 
becomes  BC ;  on  emerging  it  is  bent 
away  from  the  normal,  and  becomes 
CD.  Since  the  plate  is  parallel  and 
the  divergence   in    both  cases  of  ,  / '' 

similar  amount,  the  ray  will  issue,  // 
pursuing  the    same    direction   as  -"'^ 
when  it  entered.    That  is  to  say,  .^few^tS^l^ 
the  entering  and  the  emergent  rays     lei  Faces, 
will  be  parallel,  but,  owing  to  the 
refraction  on  entering,  the  beam  will  be  displaced.  The 
result  is,  that,  supposing  D  to  be  a  luminous  object, 
and  an  eye  to  be  at  a,  the  object  would  appear  dis- 
placed to  d'  in  the  direction  indicated  by  the  dotted 
line. 

Refraction  by  a  prism. — Eays  of  light  which 
have   passed   through    a    transparent   body,  whose 
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faces  are  not  parallel  but  form  an  angle  with  one 
anotlier,  do  not  emerge  parallel  to  one  another. 
A  figure  whose  surfaces  are  inclined  to  one  another 
at  an  angle  is  called  a  prism.  A  principal  section  of 
a  prism  is  represented  in  Fig.  138,  a  section,  that  is, 

made  by  a  plane  perpendicular 
/\  both  surfaces.     The  appear- 

jj  o\''  ance  is  that  of  a  wedge.  The 

'  line  R,  in  which  the  faces  PR 

and  sr  meet,  is  called  the  edge 
^  / ^-.a'    "'"-n\  ^"    of  the  prism  ;  the  line  PS  is  the 

—  base  of  the  prism. 

Fig.  m-Prism.  Now   let   a   ray  ab  be 

incident  on  the  face  PR  of 
the  prism  making  an  angle  of  incidence  with  the 
normal  oin'.  On  entering  the  prism  the  ray  is  re- 
fracted towards  the  normal,  and  takes  the  course  bb'. 
On  emerging  from  the  prism  the  ray  is  again  refracted, 
but  this  time,  because  passing  into  a  rarer  medium, 
the  refraction  is  away  from  the  normal  n"n"',  and 
takes  a  course  b".  An  eye  placed  at  b"  will  see  the 
ray  as  if  it  proceeded  from  b.  The  ray  of  light  is 
thus  refracted  towards  the  base  of  the  prism  by  the 
action  at  both  surfaces.  The  angle  b"oa'  formed  by 
the  direction  of  the  incident  i-ay  with  the  direction  of 
the  emergent  ray  expresses  the  amount  of  deviation 
the  light  has  undergone  in  passing  through  the  prism, 
and  is  called  the  angle  of  deviation.  Other  things 
being  equal,  it  depends  on  the  refractive  inde.x  of  the 
material  forming  the  prism.  There  is  a  value  of  this 
angle  in  which  the  refracted  ray  bb'  would  not 
emerge  from  the  side  of  the  prism,  but  would  so  fall 
on  the  internal  surface  of  RS  as  to  be  totally  reflected, 
in  which  case  the  ray  would  be  directed  by  the  reflec- 
tion towards  the  base  within  the  prism. 

L,eiises  are  transparent  media,  which  refract  rays 
cif  light  passing  through  them.     They  have  curved 
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surfaces,  and  the  direction  which  the  rays  take  on 
■  emerging  from  the  lens  depends  on  the  nature  of  the 
curvature.  .  The  chief  forms  op  lenses  are  shown 
in  Fig.  139.  They  are  convex  or  concave.  In  the 
figure,.  A  is  doubly  convex,  b  plano- 
convex, c  concavo-convex,  while  D 
is  doubly  concave,  e  plano-concave, 
and  F  convexo-concave. 

Convex  lenses,  owing  to  the  .  ,  ,  ^  ^  ^ 
nature  of  their  curvature,  cause  Fig.  130  _Lenses 
the  rays  of  light  issuing  from  them 
to  converge  to  one  another.  They  are,  therefore, 
called  converging  lenses.  Supposing  the  surfaces  of 
the  lens  to  be  parts  of  spheres,  the  centres  from  which 
the  sphere  would  be  described  in  each  case  are  called 
the  centres  of  curvature  of  the  lens,  and  the  straight  line 
joimiig  the  two  centres  is  the  principal  axis  of  the  lens. 

Each  lens  has  also  what  is  called  its  optical 
centre  or  simply  its  centre,  which  lies  on  the  prin- 
cipal axis,  and  is  such  that  every  ray  passing  throuo-h 
It  emerges  from  the  lens  in  a  direction  parallel  to  tlmt 
m  which  It  entered  the  lens.  In  a  doubly  convex  or 
concave  lens  the  centre  is  in  the  interior  of  the  lens  • 
m  plano-convex  or  plano-concave  lenses  it  is  on  the 
convex  or  concave  surface ;  in  a  concavo-convex  lens 
It  IS  outside  the  lens.  Any  straight  line  passing 
through  the  centre  is  a  secondary  axis. 

1.  Let  parallel  rays  of  light  fall  on  a  convex  lens 
they  are  so  refracted  as  to  meet  in  a  point  on  the 
other  side,  and  this  point  is  called  the  principal  focus, 
the  distance  from  it  and  the  lens  being  the  focal  dis- 
tance of  the  lens.  In  Fig.  140  ll'  is  a  convex  lens. 
Ihe  ray  .5  which  falls  perpendicularly  on  the  surfaces 
passes  straight  through  unaffected.  The  other  rays 
12  3  and  4,  fall  obliquely,  and  are,  therefore, 
reti-acted.  In  each  case  the  refraction  occurs  twice 
farst  on  entering  the  lens,  and  secondly  on  issuing  from 
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Fig.  140.— Principal  Focus  of 
a  Convex  Lens. 


it.  Thus,  in  the  case  of  ray  1,  the  refraction  on 
entering  the  lens  is  towards  the  normal  n,  on  leaving, 

because  the  ray  passes  from 
a  rarer  to  a  denser  medium, 
the  bending  is  away  from  the 
normal  n',  the  result  of  both 
refractions  being  to  direct  the 
ray  towards  F,  the  principal 
,  focus.  The  angle  lfl'  formed 
by  rays  from  the  circumference 
of  the  lens  and  the  principal 
focus  is  the  aperture  of  the  lens. 

On  the  other  hand,  if  the  luminous  body  be  at  F, 
the  rays  after  emergence  from  tlie  lens  will  be  parallel 
to  one  another.  . 

2  Let  the  rays  diverge  from  a  lummous  pomt, 
and  fall  on  a  convex  lens,  they  are  no  longer  focussed 
at  the  principal  focus.  Suppose,  as  in  Fig.  141,  the 
rays  proceed  from  a 
point /,  which  is  farther 
from  the  lens  than  the 
focal  distance.  After 
refraction  they  w.ll 
meet  in  a  point  /'  u 

outside  of  the  principal  ^jg.  ui._Conjugate  Foci  of  a  Convex 

focus    F.     Or  if  the 

luminous  point  beat/',  ^ 
the  refracted  rays  will  meet  at/    Because  of  the  re- 
lation thus  existing  between  /  and      they  are  called 
CONJUGATE  FOCI.    That  is,  /  is  the  conjugate  focus  ot 
f  and  /"  of  /:    Just  as  in  the  case  ot  mirrors,  as  / 
imes  more  ^nd  more  nearly  to  be  at  the  focal  dis^ 
tance  from  the  lens  its  conjugate  focus  /  n>o^es 
farther  and  farther  off,  till  if  ./coincide  -       -  \ - 
distance,  the  emergent  rays  will  be  parallel,  and  thcie 
wTu  be  Ao  conjugate  focus.  Again,  as  /  ^loves  farther 
Ind  farther  from  the  focal  distance  its  conjugate  focus 
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approaches  nearer  to  F,  till,  if  /'  be  at  an  infinite  dis- 
tance, when  rays  from  it  may  be  considered  to  be 
parallel,  will  approach  to  F  till  it  coincides  with  it. 
In  all  these  cases  the  foci  .are  real.  Suppose  now 
that  the  luminous  point  is  nearer  to  the  lens  than  the 
focal  distance,  the  emergent  t. 
i-ays  will  be  divergent.  They  ---P^ 
will  not  meet,  and  no  real  — 
focus  will  be  formed.  This 
is  shown  in  Fig.  142,  where 
F  is  at  the  focal  distance,  and  ^%^^^^TLII'^^  °' 
the  luminous   point  is  f. 

These  divei-gent  rays,  however,  if  prolonged  back- 
wards, as  represented  by  the  dotted  lines,  will  meet  in 
a  point  at  /''  on  the  same  side  of  the  lens  as  the  luminous 
point.  This  point  is  a  virtual  focus;  convex  lenses, 
then,  have  both  real  and  virtual  foci. 

Concave  lenses. — In  Fig.  143,  ll'  represents  a 
concave  lens,  with  parallel  rays  falling  upon  it,  n  and 


Fig.  143.— Priacipal  Focus  Fig.  144.-Coiijiigate  Foci 

( Vu-tual)  of  a  Concave  of  a  Concave  Lens. 

Lens. 


w'  being  the  normals.  After  refraction  the  rays 
diverge,  but  their  prolongations  backwards  meet  in  F  ; 
P  is  called  the  principal  focus,  but  it  is  virtual. 

Should  the  rays  diverge  towaixls  the  concave  lens, 
their  conjugate  foci  will  be  obtained,  as  in  tlic  convex 
lens  ;  but  both  will  be  on  the  same  side  of  the  lens. 
The  conjugate  foci  are  also  virtual.  Thus,  in  Fig.  144, 
if  the  luminous  point  be  at  f,  outside  of  the  principal 
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focus,  the  rays  after  refraction  will  diverge  ;  but 
their  backward  prolongations  will  meet  in  the  point  f' 
inside  of  the  principal  focus.  The  point  p'  is  the  conju- 
gate focus  (virtual)  of  r.  If  p'  be  the  luminous  point 
its  conjugate  focus  is  p. 

The  focal  distance  of  lenses  may  be  deter- 
mined experimentally,  and  may  be  calculated.  Thus, 
if  a  convex  lens  be  caused  to  intercept  rays  of  light 
from  the  sun,  a  well-defined  luminous  point  may  be 
thrown  on  a  screen  placed  at  a  proper  distance  on 
the  other  side  of  the  lens  from  the  source  of  light. 
The  distance  of  the  screen  from  the  curved  surface 
when  the  luminous  point  is  quite  distinct,  is  the  focal 
distance.  The  focal  distance  may  also  be  calculated, 
if  the  conjugate  foci  be  known,  from  the  formula 

1      1  _  1 

where  p  and  p'  are  the  conjugate  foci,  and  /  is  tlie 
principal  focal  distance  ;  the  formula,  as  given,  applies 
to  convex  lenses,  provided  the  source  of  light  p  be 
farther  from  the  lens  than  the  focal  distance.  When 

the  source  of  light  is  nearer  than  the  focal  distance,  -/ 
is  neeative.     For  concave  lenses  the  formula  becomes 

1      1  _  1 
P'~  P  ~  f  ' 

Formation  of  images  by  lenses. — The  for- 
mation of  images  by  lenses  exhibits  similar  rules  to 
those  observed  in  the  formation  of  images  by  reflection 

from  mirrors. 

Convex  lenses.— Let  ll'  (Fig.  U5)  be  a  convex 
lens,  c  its  centre,  and  V  its  priiicipal  focus,  and 
let  AB  be  an  arrow  outside  of  the  principal  focus. 
From  A  and  b  let  rays  parallel  to  the  principal  axis 
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xx  fall  on  the  lens ;  they  will  be  refracted  to  meet  at 
f',  at  a  distance  from  the  lens  equal  to  the  focal  dis- 
tance. At  that  point  the  rays  will  cross,  and  if  con- 
tinued, diverge.  From  a  draw  a  secondary  axis  AC. 
If  prolonged  it  will 
meet  the  refracted 


ray  at  a.  Thus,  a 
pencil  or  cone  of  rays 
passing   from  the 


point  A  will  have  its  rig.  Formation  of  a  Real  Image  by  a 
conjugate  focus  at  a,  Convex  Lens. 

and  thus  a  will  be  the 

image  of  A.  Similarly,  draw  a  secondary  axis  f  rom  B  ;  it 
will  intersect  the  refracted  ray  from  B  at  5.  A  cone  of 
rays  from  b  will  find  its  conjugate  focus  at  h,  and  b  will 
be  the  image  of  b.  Each  point  of  AB  will  have  pro- 
ceeding from  it  as  a  focus  a  pencil  of  rays,  which  will 
find  its  conjugate  focus  between  a  and  b.  Thus  an 
image  ab  of  the  arrow  ab  is  formed.  It  is  a  reed 
image,  that  is,  on  the  opposite  side  from  the  object, 
and  is  inverted  and  smaller  than  the  object.  Should  ab 
be  the  object,  then  ab  would  be  the  image.  This 
follows  from  the  relation  between  conjugate  foci. 
From  what  has  been  seen  about  conjugate  foci,  it  also 
follows  that  the  nearer  ab  approaches  to  the  focal 
distance  from  the  lens,  the  farther  ab  recedes  from 
the  lens  and  the  larger  it  becomes ;  while  the  farther 
ab  is  from  the  lens  the  nearer  is  the  image  to  the 
focal  distance,  and  the  smaller  it  is.  To  put  it  in 
another  way,  the  image  of  an  object  placed  at  a  much 
greater  distance  from  the  lens  than  the  focal  length  is  a 
real  image,  very  small  and  inverted,  and  in  the  neigh- 
bourhood of  the  focal  distance,  while  the  image  of  an 
object  -placed  very  near  to  the  focal  distance  of  the  lens, 
yet  outside  of  it,  is  still  a  real  image  and  inverted,  but 
much  larger  than  the  object,  and  far  beyond  the  focal 
distance. 
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Fig.  146. — Formation  of  a  Vir 
tual  Image  by  a  Gouvex  Lens. 


Now  consider  what  occurs  when  the  object  is  nearer 
to  the  lens  than  the  focal  distance.  Let  ab  (Fig.  1 46)  be 
such  an  object.  The  cone  of  rays  from  a,  namely,  a',  no 
longer  converge  after  passing  through  the  lens,  but 

are  still  divergent.  Thej' 
have,  therefore,  no  conju- 
gate focus  on  the  opposite 
side  of  the  lens  from  A. 
If  prolonged  backwards, 
however,  they  will  meet  in 
rt,  which  is,  therefore,  the 
conjugate  focus  of  a,  and 
on  the  same  side,  a  virtual 
focus,  therefore.  Similarly, 
the  pencil  of  rays  from  b  after  refraction  is  stUl  a 
divergent  pencil  6',  and  has  no  real  conjugate  focus, 
but  a  virtual  one  in  h.  Each  point  between  a  and  b 
has  also  its  virtual  conjugate  focus,  and  thus  there  is 
formed  a  virtual  image  of  ab,  namely,  ah,  and  this 
virtual  image  is  erect  and  larger  than  the  object.  The 
nearer  the  object  is  to  the  focal  distance,  if  still  inside 
of  it,  the  larger  will  be  the  virtual  image  produced. 

CoNCAVJ';  LENSES  have  only  virtual  images,  which 
are  erect  and  smaller  than  the  object.  This  is  evident 
from  the  fact  that  the  conjugate  focus  of  a  concave 

lens  is  virtual. 

Size  of  image  formed  toy  convex  lens.— 

The  proportion  between  the  sizes  of  image  and  object 

is  directly  as  the  proportion  between  the  distances  of 

the  two  from  the  lens.  Thus, 

size  of  object  _  distance  of  object  from  lens 
"size  of  image       distance  of  image  from  lens 

If  AB  be  the  image,  ab  the  object,  p  the  distance  of 
the  former  from  the  lens,  and     the  latter  distance, 


AB 

nh 


P 
P' 


P 
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ANALYSIS  OF  LIGHT  :  COLOUR. 

A  PRISM  lias  a  remarkable  effect  on  white  liglit  as 
the  result  of  its  refractive  properties. 

The  spectrum. — If  a  ray  of  sunlight  s  entering 
a  room  through  a  narrow  slit  in  a  shutter,  be  caused 
to  pass  through  a  prism  A  interposed  in  its  path,  as 
shown  in  the  figure,  a  band  of  colour  will  be  thrown 
on  to  a  screen  placed  beyond  the  shutter.  Seven 


Pig'  147 — The  Spectrum. 


colours  will  be  made  out  in  regular  order  from  below 
upwards,  as  follows  :  red,  orange,  yellow,  green, 
blue,  indigo,  violet.  No  sharp  line  of  demarcation-  is 
visible  between  different  colours,  but  one  merges 
gradually  into  the  succeeding  colour.  The  band"  of 
colours  is  called  the  spectrum.  Suppose  ail  the 
colours  except  the  violet  v  at  the  high  end  of  the  spec- 
trum, to  be  cauglit  on  the  screen  e,  but  the  violet  to 
be  permitted  to  pass  the  screen,  and  bo  intercepted 
by  a  second  prism  b,  it  is  found  that  the  violet  raya 
are  again  refracted,   but  no  further  decomposition 
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ensues,  and  it  is  violet  rays  that  are  received  on  the 
second  screen  h. 

Recomposition  of  white  light. — If  a  spec- 
trum, produced  by  passing  a  ray  of  white  light  s 

through  one  prism,  be 
immediately  passed 
thr.ough  a  second 
prism,  in  every  way 
the  same  as  the  first, 
but  inverted,  the  re- 

„  .X-       „  ^-.-^    fraction   of  the  two 

Via.    148.  —  Kecomposition   of    Wmte       .  .  •,  ■ 

Light.  prisms  IS  opposite  m 

direction,  the  coloured 

rays  are  reunited,  and  a  white  ray  e  emerges  from 

the  second  prism. 

Theory  of  the  spectrum.- — "White  light  is 
not,  then,  simple,  but  is  a  compound  of  various 
colours.  Each  colour  of  the  spectrum  has  its  own 
degree  of  refrangibility.  All  the  colours  are  refracted 
"when  passed  through  a  prism,  though  unequally. 
Thus,  red  light  is  I'efracted  to  a  certain  extent,  yellow 
light  to  a  greater  extent,  violet  light  most  of  all.  In 
a  word,  the  refrangibility  increases  from  red,  where 
it  is  least,  up  to  violet,  where  it  is  greatest.  Thus 
the  red  end  of  the  spectrum  is  called  the  low  end,  or 
end  of  least  refrangibilit}^ ;  while  the  violet  end  is 
the  high  end,  or  that  of  greatest  refrangibility.  When 
white  light,  which  is  thus  a  comjDound  of  rays  of 
diflerent  refrangibilities,  is  passed  through  a  prism, 
each  ray  is  refracted  according  to  its  own  degree,  and 
thus  the  different  colours  are  separated  out  and  pro- 
jected on  to  a  screen  in  the  order  of  their  refrangi- 
bility, the  two  exti-emes  being  red  and  violet,  vdtli 
the  rays  of  intermediate  refrangibilities  between  them. 

As  we  have  seen,  the  coloured  band  produced  is 
called  the  spectrum,  the  separation  of  the  different 
rays  being  called  dispersiox. 
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The  Spectrum. 
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According  to  the  undulatory  theory,  the  different 
colours  are  due  to  vibrations  of  different  rates  of 
rapidity,  vibrations  wliose  periods  and  wave  lengths 
are  different.  The  wave  length  of  red  light  is  greater 
than  that  of  violet,  and  the  time  of  viljration  of  red 
is  also  greater  than  that  of  violet.  Thus  the  exti-eme 
red  rays  vibrate  at  the  rate  of  395  billion  times  per 
second,  and  their  period  of  vibration  is,  therefore,  one 
395  billionth  of  a  second  ;  the  violet  rays  vibrate  763 
billion  times  per  second.  But  the  wave  length  of  the 
ray  changes  in  passing  through  different  media,  the 
velocity  of  propagation  changes.  Some  rays  are  re- 
tarded, the  violet  more  than  the  red.  The  rays  are, 
therefore,  differently  refracted,  and  dispersion  is  the 
result. 

Dark  lines  of  the  solar  spectrum.— If  the 

beam  of  light,  which  has  been  split  up  into  its  con- 
stituents, be  obtained  from  the  oxyhydrogen  lamp,  or 


A  a  B  c 


Fig.  149. -Tho  Dark  Liu-s  of  the  Solar  Spectrum. 

a  gas  flame,  the  band  of  colours  is  continuous,  one 
colour  gradually  merging  into  another.  If  however 
sunlight  has  been  used,  th'.  spectrum  is  seen  to  be 
interrupted  by  a  series  of  dark  bands  crossin-  it 
vertically.  They  are  called  Fraunhofer's  lines 
because  Fraunhofer  first  described  them  in  18u' 
l^raunhofor  counted  a  large  number  of  these  lines,  and 
marlved  their  positions.  The  more  prominent  he 
signihed  by  letters  of  the  alphabet;  thus,  a,  b,  and  c 
-nes  are  all  in  the  red  part  of  the  spootrum,  tho  o 
iino  IS  in  the  border  land  between  orange  and  yellow 
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E  in  the  yellow  end  of  the  green,  f  in  the  blue  end  of 
the  green,  g  in  the  iiidigo,  and  H  in  the  violet.  The 
explanation  of  these  dark  lines  is  the  result  of  the 
thought  and  labour  of  various  scientific  men,  notably 
Stokes,  Bunsen,  and  Kirchhofi",  but  was  not  fully 
offered  till  1859  by  Kirchhoff. 

One  of  the  most  prominent  of  the  dark  lines  of  the 
solar  spectrum  is  the  D  line,  which,  properly  speaking, 
consists  of  two  lines,  and  is  in  the  brightest  part 
of  the  spectrum.  Fraunhofer  observed  that  if  the 
source  of  light,  instead  of  being  the  sua,  were  the 
vapour  of  sodium,  such  as  might  be  obtained  by  burn- 
ing ill  the  hot  jjart  of  a  bunsen  flame  some  common 
salt,  and  if  the  light  from  this  vapour  were  passed 
through  a  prism,  a  band  of  colours  lUie  the  solar 
spectrum  was  not  obtained,  but  instead  two  narrow 
bands  of  yellow  light.  If  an  arrangement  is  made  for 
obtaining  the  solar  spectrum  and  the  spectrum  of 
sodium  side  by  side,  one  above  the  other,  the  two 
bright  yellow  lines  of  the  sodium  flame  are  found  to 
correspond  in  position  with  the  two  dark  lines,  called 
D,  of  the  solar  spectrum.  A  very  minute  trace  of 
sodium,  even  the  18  millionth  part  of  a  grain,  it  is 
asserted,  will  give  the  yellow  band.  Similarly, 
potassium,  burnt' in  a  bunsen  flame,  gives  two  bright 
red  lines  and  one  violet  line.  Strontium  gives  various 
bright  red  lines,  and  an  orange  line  at  the  red  side  of 
the  D  line.  A  large  number  of  substances  have  been 
examined  by  being  volatilised  before  a  i^risni,  and  have 
yielded  various  coloured  lines,  the  coloured  lines  of 
]uany  substances,  such  as  sodium,  hydrogen,  calcium, 
barium,  iron,  etc.,  being  found  identical  in  position  with 
dark  lines  of  the  solar  spectrum.  The  dark  lines, 
then,  of  the  solar  spectrum  indicate  the  absence  of 
certain  rays,  which,  in  the  case  of  the  d  lines,  for  ex- 
ample, the  glowing  vapour  of  sodium  emits.  Now,  to 
take  the  case  of  the  d  line,  it  is  found  that  if  some 
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sodium  be  rendered  incandescent  in  the  flame  of  a 
bunsen  gas  lamp,  and  the  rays  be  transmitted  through 
a  prism,  the  bright  yellow  lines  constituting  the 
spectrum  of  sodium  will  be  obtained,  but  if  between 
the  bunsen  lamp  and  the  prism  an  ordinary  spirit 
lamp,  burning  with  a  salted  wick,  be  interposed,  the 
bright  yellow  disappears.  That  is  to  say,  the  vapour 
of  sodium  produced  by  the  spirit  lamp  has  absorbed 
the  light  proceeding  from  the  vapour  of  higher  tem- 
perature and  of  the  same  quality  behind  it.  The 
vapour  of  sodium  will  absorb  and  retain  light  whose 
period  of  vibration  is  identical  with  its  own.  If  liglit 
proceeding  from  a  source  pass  through  an  atmosphere, 
the  atmosphere  will  prevent  the  passage  of  such  rays 
as  correspond  to  those  which  it  would  itself  produce. 
In  the  case  of  the  solar  spectrum,  therefore,  the  dai  k 
lines  are  due  to  the  absorption  of  certain  rays  in 
passing  through  the  atmosphere  surrounding  the  sun. 
To  take  again  the  D  lines,  this  implies  that  there  is 
mcandescent  sodium  vapour  in  the  sun's  atmosphere, 
and  that  it  separates  out  and  retains  the  vibrations  of 
its  own  period.  It  is  evident  tliat  this  affords  a  means 
of  information  as  to  the  chemical  constitution  of  the 
sun  and  other  luminaries.  : 

Spectrum  analysis.— Since  it  has  been  found 
tliat  certain  substances  give  definite  coloured  lines 
when  the  rays  fi-om  their  incandescent  vapour  are 
passed  through  a  prism,  and  since  the  same  bands  will 
not  be  produced  by  two  difl'erent  substance.s,  it  is 
evulent  that  there  is  afforded  a  method  for  analy.sing 
compound  bodies,  and  detecting  the  presence  of  cer- 
tain constituents.  The  spectra  of  gases  can  be 
obtained  by  tlie  use  of  tubes  exliatistod  of  air  and 
containing  a  small  quantity  of  the  jiarticular  i^as.  An 
electric  spark  is  passed  tlirough  the  tube  from  an 
induction  coil,  and  the  spectrum'  of  this  obtained. 

The  spccti-oscope  (Fig.  150)  is  an  arrangement  of 
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prisms  and  lenses  for  the  purpose  of  readily  obtaining 
spectra.  The  chief  parts  of  it  are  a  slit  s,  a  prism  p, 
and  a  telescope  L.  Through  the  slit  a  narrow  beam  of 
light  is  permitted  to  fall  on  the  prism,  which  produces 
the  dispersion.  A  person  looking  through  the  tele- 
scope sees  an  image  of  the  spectrum.    More  than  this 


Fig.  150.— The  Spectroscope. 

simple  arrangement  is  used,  however,  in  the  construc- 
tion of  spectroscopes.  In  order  that  the  rays  coming 
from  the  slit  may  be  parallel  a  collimator  is  interposed 
between  the  slit  and  the  prism.  This  is  a  convex  lens  I 
It  is  fitted  in  a  tube,  at  the  outer  end  of  which  is  the 
slit  (narrow,  and  cleanly  cut,  and  placed  vertically), 
and  it  is  distant  its  focal  length  from  the  slit,  so  that 
the  rays  of  light  from  the  slit  pass  through  the  lens 
and  emerge  parallel.  The  prism  is  placed  with  its 
edge  parallel  to  the  slit,  and  receives  the  rays  from 
the  collimator.  Further,  a  convex  lens  may  be  placed 
between  the  source  of  light  and  tlie  slit  to  concentrate 
the  light  on  tlie  slit,  and  thus  obtain  greater  brilliancy. 
The  dispersed  rays  fall  on  the  telescope,  placed  to 
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receive  them,  and  form  a  vertical  image.  Now  a  gas 
lamp  placed  in  front  of  the  slit  will  give  a  continuous 
spectrum,  or  a  sodium  flame  may  be  brought  in  front 
of  the  slit,  and  so  on. 

A  single  prism  cannot  give'veiy  great  dispersion. 
If,  therefore,  great  dispersion  is  wanted  a  train  of 
prisms  is  made  use  of  The  second  prism  is  so  placed 
that  it  receives  the  rays  refracted  by  the  first,  and 
increases  the  divergence  :  the  third  is  so  placed  that 
it  receives  the  refracted  rays  from  the  second  and  still 
further  disperses  them,  and  so  on.  A  considerable 
number  of  prisms  may  be  used.  They  i-equire,  of 
course,  to  be  arranged  in  a  curve  in  oi-der  that  one 
prism  may  catch  the  rays  from  the  preceding  one,  and 
the  telescope  is  placed  so  as  to  catch  the  rays  from  the 
last.  With  such  an  arrangement  a  spectrum  of  great 
length  may  be  obtained.  Many  spectroscopes  have  a 
third  tube,  which  carries  at  the  outer  end  a  small 
transparent  scale.  A  candle  illuminates  the  scale. 
At  the  other  end  of  the  tube  is  a  lens.  Thi.s  tube  is 
so  placed  that  the  light  from  the  scale  falls  on  the 
surface  of  the  prism  next  the  telescope  and  is  reflected 
into  the  telescope.  On  focussing,  an  imaffe  of  the 
scale  may  be  seen  in  the  telescope.  Thus  in^the  same 
field  of  view  one  may  have  both  a  scale  and  a  spec- 
trum, and  may  determme  the  position  of  any  band  in 
a  spectrum  by  means  of  the  scale,  so  aidin<r  in  the 
comparison  of  different  spectra.  ° 

}\  o^ten  of  great  advantage  to  have  in  the  same 
field  both  the  solar  spectrum  and  the  spectrum  of  the 
particular  substance  under  examination.  For  this 
purpose  a  small  rectangular  prism  of  glass  is  placed 
directly  in  front  of  the  lower  part  of  the  slit.  Rays 
of  light  from  a  source  at  the  side  penetrate  tliis  prism 
and  undergo  reflection  at  one  of  th(>  internal  faces  so 
that  the  light  is  directed  tlirongh  the  slit  on  to'the 
upper  part  of  the  prism,  and  produces  a  spectrum.  Th 
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upper  portion  of  the  slit  receives  light  from  another 
source;  and  it  passes  to  the  lower  part  of  the  piism. 
Two  spectra  are  thus  produced,  one  below  the  other, 
and  comparison  can  easily  be  made. 

The   spectroscope  in  physiology.  —  Hoppe 
Seyler  and  Stokes  were  the  first  to  show  that  blood 
had  a  distinguishing  spectrum  of  its  own.    If  a  layer 
of  blood  be  interposed  between  the  source  of  light  and 
the  slit  of  a  spectroscope,  the  only  rays  that  are  per- 
mitted to  pass  through  the  layer  of  blood  are  the  red, 
and  only  the  red  end  of  the  spectrum  is  visible.  As 
the  blood  is  diluted,  more  and  more  light  is  able  to 
pass  through  it,  orange  first,  then  yellow,  and  so  on 
till  the  whole  spectrum  is  almost  restored.    But  there 
remain  towards  the  red  end  two  dark  bands  ;  they 
are  situated  between  d  and  E  of  the  solar  spectrum. 
One  of  them  is  on  the  violet  side  of  d,  is  the  thmner 
of  the  two,  but  the  more  intense  ;  the  other  is  much 
broader,  and  lies  to  the  red  side  of  e,  its  edge  coming 
close  up  to  E.    These  are  the  absorption  bands  of 
HAEMOGLOBIN,  the  red  colouring  matter  of  the  red 
blood  corpuscles.      More   particularly    this    is  the 
spectrum  of  hemoglobin  as  it  exists  m  normal  blood 
ill  loose  chemical  combination  with  oxygen.     W  ben 
oxyc^en  has  been  removed  from  the  blood  by  increased 
temperature  and  sufficiently  low  pressure,  or  by  the 
passage  through  the  blood  of  some  indifferent  gas  such 
as  hydrogen,  or,  still  more  rapidly  and  easdy,  by  tlie 
addition  to  the  blood  of   reducing  agents,   such  as 
sulphide  of  ammonium,  the  spectrum  gives  a  new 
absorption  band.    The  two  bands  disappear,  and  m 
their  place  is  one  band,  situated  midway  between  the 
positions  of  the  bands  of  oxyhemoglobin.     It  is  much 
broader  than  either  of  the  two,  though  not  so  dark, 
and  in  its  case  less  of  the  blue  end  of  the  solar 
spectrum  is  absorbed.     This  band  is  distinguished 
from  the  other  as  the  absorption  band  of  reduced 
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H.EJiOGLOBiN.  Ill  Solutions  of  a  strengtli  sufficient 
with  oxyhseraoglobin  to  absoi'b  all  but  the  red  and 
orange  rays  of  the  spectrum,  reduced  hsemoglobin  will 
permit  the  passage  of  the  red  and  of  some  rays  from 
the  green  side  of  the  absorption  band.  This  fact  ex- 
plains the  diflerence  of  colour  between  oxygenated 
blood  and  blood  from  which  the  oxygen  has  been 
removed,  the  former  being  of  a  bright  red,  the  latter 
of  a  purple  claret  colour  owing  to  the  passage  of  the 
greenish  rays  and  the  absorption  of  the  orange.  If 
the  vessel  retaining  the  reduced  blood  under  examina- 
tion be  shaken  with  air  for  an  instant,  and  immediately 
re-examined,  the  double  band  will  be  seen,  due  to  tlie 
hremoglobin  seiziiig  on  oxygen  from  the  air.  In  a 
short  time,  if  the  reducing  agent  be  still  acting  on  the 
solution,  the  double  band  will  give  place  to  the  single 
band  of  reduced  htemoglobin.  This  manoeuvre  may 
often  be  repeated  with  a  like  result.  It  is  not  to  be 
supposed  that  it  is  only  arterial  blood  that  gives  the 
band  of  oxyha^moglobin ;  the  double  band  is  found 
also  in  venous  blood  ;  because  all  tlie  oxygen  is  not 
removed  in  venous  blood,  much  reduced  ha;moglobin 
exists,  but  sufficient  oxyhsemoglobin  also  to  give  the 
two  lines,  which  are  more  conspicuous  than  the  single 
band  of  reduced  htemoglobin. 

If  carbonic  acid  be  substituted  in  the  blood  solu- 
tion for  oxygen,  the  spectrum  still  gives  two  bands 
simihir  to  those  of  oxyhiemoglobin,  but  not  oecupyino- 
precisely  similar  positions,  though  this  is  not  ascer'- 
tained  without  careful  measurement.  The  bands  of 
CARBONIC  OXIDE  HyEMOGLOBiN  are  slightly  disjjlaced 
towards  the  violet  end  of  the  spectrum  ;  and  they  do 
not  disappear  on  tlie  addition  of  reducing  agents. 

Iltemoglobin  when  acted  on  by  acids  or  alkalies 
yields  two  substances,  a  proteid  called  globulin,  and  a 
colouring  matter,  hrematin.  The  luematin  may  be  in 
one  of  two  conditions,  according  as  acid  or  alkali  lias 
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been  used.  Each  condition  has  a  spectrum  of  its 
own.  The  acid  niEMATiN  (Stokes)  gives  one  absorp- 
tion baud  in  the  red  in  close  proximity  to  the  dark 
band  C  of  the  solar  spectrum.  The  spectrum  of 
ALKALI  H^MATiN  cousists  of  oue  davk  band  to  tlie  red 
side  of  the  D  line. 

Reduced  HyEiiATiN  gives  two  faint  bands,  one 
broad,  and  immediately  to  the  violet  side  of  d,  the 
other  narrower,  and  a  little  to  the  red  side  of  the  E 
line,  the  violet  end  of  the  spectrum  being  less  ab- 
sorbed than  with  unreduced  hiematin. 


Fig.  151.— Blood  Spectra, 


Y\^.  151  shows  several  of  these  characters,  i  being 
the  spectrum  of  oxyhajmoglobin,  ii  of  reduced  hiema- 
globin  V  of  reduced  htematin,  vi  and  vii  of  htematm 
in  alkaline  and  acid  solutions,  iii  and  iv  of  methce- 
moo-lobin  in  alkaline  and  acid  solutions  respectively. 
Methffimoglobin  is  obtained  by  exposure  of  a  solu- 
tion of  hajinaglobin  for  a  long  time  to  the  air,  or  by 
the  use  of  oxydising  agents.    The  letters  mark  the 
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positions  of  the  dark  lines  of  the  solar  spectrum  ;  and 
■  the  numbers  indicate  the  wave  lengths  in  millionth  s 
of  a  millimetre. 

The  importance  of  these  absorption  bands  of  blood 
is  apparent.  Even  as  the  spectroscope  supplies  an 
unrivalled  means  for  detecting  the  presence  of  various 
substances,  so  can  it  be  made  available  for  detecting 
the  presence  of  blood.  In  medico-legal  inquiries, 
therefore,  it  is  of  great  value.  A  small  quantity  of 
blood  in  an  ordinary  spectroscope  will  give  the  two 
bands.  They  persist  even  after  great  dilution.  If 
the  dilution  be  continued  they  begin  to  disappear, 
first  the  band  near  the  e  line,  and  later  that  near  the 
D  line.  The  adaptation  of  a  spectral  apparatus  to  the 
ordinary  microscope  rendei's  it  easy  to  detect  even  a 
very  small  trace  of  blood  in  a  solution. 

Tlie  inicro-spectroscope  is  the  term  applied  to 
the  combined  apparatus.  A  detailed  description  of 
its  construction  and  method 
of  employment  may  be  valu- 
able. Browning,  Hartnach, 
and  Zeiss  all  make  the  in- 
strument. A  sketch  plan  of 
Browning's  form  is  shown  in 
Fig.  152.  It  is  made  for 
fitting  into  the  dravr-tube  of 
any  ordinary  microscope  by 
means  of  the  tube  M,  the 
eye-piece  of  the  microscope 
being  removed.  The  con- 
tinuation upwards  of  m  is  a 
wider  tul)e,  towards  the  upper 
end  of  which  tliere  is  a 
diaphragm    e,   with    a  slit, 

the  diameter  of  the  slit  being  variable  by  means 
of  a  screw  n.  The  light  which  has  passed  up  the 
tube  of  the  microscope  is  thrown  on  the  slit  by 
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-  The  Micro-sj  ec- 
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means  of  the  convex  lens  N.  Beyond  the  slit  the 
tube  narrows  to  the  size  of  the  ordinary  microscof)e  • 
tube.  The  rays  which  have  passed  through  the 
slit  fall  first  on  the  lens  L,  by  means  of  which  they  ai-e 
rendered  parallel,  and  in  this  condition  fall  on  a  set  of 
five  pi'isms  b.  The  set  of  prisms  consists  of  three  of 
crown  glass  and  two  of  flint  glass,  those  of  crown  glass 
being  all  set  with  their  edges  in  the  same  direction,  and 
the  two  of  flint  glass  fitting  in  between  the  crown- 
glass  prisms,  their  edges  being  in  the  opposite  direc- 
tion. This  is  shown  in  the  figure,  where  the  shaded 
prisms  are  those  of  crown  glass.    The  eff'ect  of  this 

combination  of  prisms  is 


to    produce  dispersion 
I]  without  deviation  \  that 
is,  the  light  is  split  up 
^  into  its  elements  without 


Fig.  153.-Direct  Vision  Prism.       ^^^^^  ^^^j.  j^gjjg  ^^^^ 

its  straight  path.  This  is  shown  in  Fig.  153.  The 
ray  of  light  falling  on  the  first  prism  is  dispersed 
and  bent  to  the  side.  The  dispersed  rays  enter  the 
prism  of  flint  glass,  their  dispersion  is  increased,  but 
they  are  bent  in  the  opposite  direction.  In  the  third 
prism  the  dispersion  is  again  increased,  but  the  deviation 
is  again  reversed,  and  so  on  through  the  five  prisms, 
till  the  rays  leave  the  last  prism  with  a  considerable 
amount  of  dispersion,  but  with  their  direction  similar 
to  that  of  entrance  into  the  first  prism.  A  spectro- 
scope with  this  arrangement  of  prisms  is  called  a 
«  direct  vision  spectroscope."  This  system  of  prisms 
is  contained  in  the  micro-spectroscope  in  an  inner 
tube  of  its  own,  and  can  be  removed  from  the  tube  A 
or  inserted  into  it  at  pleasure.  In  use,  the  prisms  are 
i-emoved  from  tube  a,  and  the  object  on  the  stage  of 
the  microscope  focussed,  the  prisms  are  then  replaced. 
A  screw  D  permits  the  collimating  lens  l  to  be  placed 
at  its  focal  distance  from  the  slit  e,  the  screw  H,  as 
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already  mentioned,  being  moved  so  that  the  slit  is  iiav- 
rowed  till  a  sharply  defined  spectrum  is  obtained.  For 
the  spectrum  of  blood  a  dilute  solution  of  blood  is 
placed  in  a  small  cell  on  the  stage  of  the  microscope, 
and  the  light  from  a  mirror  ti-ansmitted  through  it. 
The  cell  recommended  by  Sorby  is  made  by  taking  a 
piece  of  barometer  tubing  half  an  inch  long  and  one- 
eighth  of  an  inch  iii  internal  diameter.  It  is  cemented 
vertically  on  a  piece  of  plate-glass  by  j)urified  gutta- 
percha. Either  a  low  or  a  high  power  lens  may  be 
used,  though  with  high  powers  the  illumination  is  too 
weak  for  colours  beyond  the  green,  unless  a  condenser 
be  used  underneath  the  stage.  With  such  an  arrange- 
ment  as  has  been  described,  only  the  spectrum,  as 
modified  by  the  substance  on  the  stage,  is  observed. 
There  remains  to  be  noted  a  device  for  obtaining  an  ordi- 
nary spectrum  for  comparison.  In  the  wall  of  the  wide 
part  of  the  tube  (Fig.  152)  is  a  small  opening  k,  pro- 
vided with  a  slit.  In  front  of  this  opening,  suspended 
from  a  projecting  arm  and  movable  in  all  directions, 
is  a  small  mirror  i,  which  reflects  light  into  the  tube 
through  K.  K  is  just  below  the  level  of  the  slit  e. 
A  small  part  of  the  slit  E  is  covered  by  a  small  rect- 
angular prism  c,  so  placed  that  the  reflected  light 
from  the  mirror  passes  straight  through  the  near  face 
of  the  prism,  but  undergoes  total  reflection  at  the 
internal  surface  of  the  diagonal  face.  The  result  of 
the  total  reflection  is  to  direct  the  rays  from  the 
mirror  straight  up  the  tube  of  the  micro-spectroscope, 
by  the  prisms  of  which  they  are  dispersed  and  a 
spectrum  produced.  Thus,  through  one  part  of  the 
slit  E  rays  pass  from  the  microscope  mirror  up  tln-ough 
the  fluid  on  the  stage  producing  the  clear  characteristic 
specti-um  of  the  substance,  while  through  the  other 
part  of  the  prism  rays  proceed  from  the  side  mirror, 
which  pass  through  no  absorbing  substance,  and  yield 
an  ordinaiy  spectrum.    As  seen  by  the  eye  the  two 
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spectra  are  placed  one  above  tlie  other,  and  the  posi- 
tion of  the  absor|)tion  bands  of  one  can  be  determined 
by  the  other.  By  means  of  the  spring  s,  a  thin  tube 
containing  a  solution  can  be  held  over  the  opening  K, 
so  that  the  spectrum  of  a  substance  on  the  stage  of  the 
microscope  can  be  .compared  with  the  spectrum  of  the 
substance  at  the  side.  In  some  forms  of  micro-spectro- 
scopes a  contrivance  is  added  for  measuring  the  exact 
position  of  the  absorptiorL  bands.  It  is  inserted  into 
the  tube  a  just  at  the  level  of  the  upper  end  of  the 
series  of  prisms.  It  consists  of  an  arrangement  for 
throwing  an  image  of  a  fine  line  on  the  upper  sur- 
face of  the  last  prism  in  such  a  direction  that  the 
prism  reflects  it  into  the  eye  of  the  person  looking 
down  the  tube.  This  fine  line  is  seen,  therefore, 
crossing  the  spectrum.  By  means  of  a  screw  the  line 
can  be  moved  along  the  spectrum  from  one  end  to  the 
other,  and  made  to  coincide  with  any  of  its  dark 
lines.  A  micrometer  attached  to  the  screw  measures 
the  extent  of  movement  of  the  line.  Thus,  suppose 
the  screw  had  to  be  moved  through  a  distance, 
measured  by  30  on  the  micrometer,  in  order  to 
make  the  line  coincide  with  a  dark  line  of  the  solar 
spectrum,  and  suppose  then  some  substance  laid  on 
the  stage  gave  an  absorption  band,  and  that  the  fine 
line  of  the  micrometer  had  again  to  be  moved  through 
30  to  make  it  coincide  with  the  absorption  band,  it 
would  be  known  that  the  absorption  band  coincided 
with  a  dark  line  of  the  spectrum. 

A  micro-spectroscope  would  readily  indicate 
whether  a  stain  on  clotliing  had  been  caused  by  blood 
or  not.  The  stain  simply  requires  to  be  cut  out  of 
the  cloth,  and  placed  in  a  watch-glass  in  a  few  drops 
of  water.  The  coloured  solution  obtained,  placed  in  a 
cell  on  the  stage  of  a  micro-spectroscope,  would  give 
the  two  bands  of  oxyhemoglobin,  even  though  the 
drop  of  blood  had  been  very  small.    There  are  various 
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ways  of  corroborating  the  conclusion  that  blood  is 
present,  by  the  addition  of  various  reagents,  and  the 
consequent  alteration  on  the  bands,  reactions  which 
can  be  pi-oduced  by  even  the  one-hundredth  of  a 
grain  of  blood. 

Among  other  applications  the  micro-spectroscope 
can  be  used  for  the  detection  of  blood  in  urine. 

Bile  gives  no  spectrum  if  fresh  ;  but  various  com- 
pounds produced  in  bile  by  decompositions  and  oxyda- 
tion  processes,  e.g.  by  nitric  acid,  give  spectra,  by 
which,  therefore,  indirect  but  conclusive  evidence  of 
the  presence  of  bile  in  a  fluid  can  be  obtained. 

For  dciiioiistrating  to  a  large  number  of  persons 
at  one  time  the  bands  of  hfemoglobin,  an  oxyhydrogen 
light,  or,  preferably,  an  electric  light,  is  required.  The 
tube  of  the  condensing  lens  of  the  lantern  is  fitted  with 
a  cap  having  a  vertical  slit  with  a  screw  arrangement 
for  making  the  slit  broad  or  narrow  at  pleasure.  In 
front  of  the  lantern  is  placed  a  convex  lens,  by  means 
of  which  an  image  of  the  slit  is  focussed  on  to  a 
screen  several  feet  in  front.  A  sharp  image  being 
secured,  a  prism  is  interposed  in  the  path  of  the  beam 
of  light  between  the  lantern  and  lens,  and  the 
prism  ^  turned  till  the  best  position  for  disper- 
sion is  secured,  indicated  by  a  good  spectrum 
being  obtained.  The  prism  frequently  employed  is 
a  hollow  wedge-shaped  cell  of  glass  filled  with  bi- 
sulphide of  carbon,  whose  refractive  index  is  1-678, 
and  has,  therefore,  greater  dispersive  power  than  any 
kind  of  glass.  The  rays  are,  of  course,  bent  out  of  a 
straight  course  and  do  not  fall  on  the  screen,  but  on 
the  walls  or  objects  to  the  side.  To  save  moving  the 
screen  to  the  side  to  catch  the  spectrum,  and  so  losing 
tlie  proper  focus,  the  lantern,  lens,  and  ].rism  should 
all  be  supported  on  one  long  board,  wiiich  rotates  on 
a  vertical  axis.  As  soon  as  a  proper  position  of  the 
prism  is  secured  the  board  is  turned,  and  tlic  wliole 
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apparatus  carried  round  together,  till  the  spectrum 
is  bi'ought  on  to  the  screen.  Now  take  a  vessel,  the 
front  and  back  of  which  are  formed  by  two  plates  of 
plane  glass  fixed  parallel  to  one  another,  and  only  a 
few  millimetres  apart.  Into  this  pour  a  dilute  solu- 
tion of  blood,  and  hold  it  in  front  of  the  slit.  The 
layer  of  blood  will  absorb  certain  rays,  and  the 
spectrum  of  hsemoglobin  will  be  thrown  on  the  screen. 
The  solution  can  easily  be  diluted  to  the  strength 
that  gives  the  two  bands  sharply  defined.  Reducing 
agents  can  be  added  to  the  blood  in  the  vessel,  and 
after  suflicient  time  has  elapsed  the  band  of  reduced 
haemoglobin  will  be  obtained. 

Effects  of  the  Spectrum. 

Various  observations  have  shown  that  the  spec- 
trum possesses  (besides  illuminating)  heating  and 
chemical  properties.  These  dift'erent  properties  are 
not  limited  to  definite  regions  of  the  spectrum.  No 
matter  how  great  the  dispersion,  the  illuminating 
part  of  the  spectrum  cannot  be  separated  entirely 
from  the  heating  portion,  nor  either  of  these  two 
absolutely  from  the  chemically  active  part.  But  one 
property  is  more  intense  in  one  part,  and  another 
property  in  another  part. 

The  illuniinaliiig:  effects  of  the  spectrum  were 
shown  to  attain  their  maximum  in  the  yellow  portion, 
and  to  shade  off  at  each  side,  but  to  be  least  in  the 
violet  end.  This  is  sutEcienLly  indicated  to  the  eye 
by  the  sombre  hue  of  the  violet  end  of  the  spectrum, 
and  the  brilliancy  of  the  orange  and  yellow  part,  a, 
brilliancy  even  beyond  that  of  the  red,  and  specially 
of  the  extreme  red. 

The  heating  effects  of  the  spectrum  wore  firs+ 
shown  by  Herschell,  in  1800,  to  be  si)ecial]y  marked 
in  the  red  end.  There  are  various  "  ays  of  proving 
this  fact.    A  galvanometer  attached  to  a  thermopile 
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gives  a  greater  deflection  when  tlie  i^ile  is  in  the  red 
end  than  when  it  is  in  either  the  yellow  or  violet  part. 
As  the  result  of  various  elaborate  researches  made 
since  Herschell's  time,  by  Seebeck,  Milloni,  and  Tyn- 
dall,  a  large  number  of  facts  regarding  the  calorific 
effects  of  the  spectrum  has  been  obtained.    It  is  now 
known  that  the  greatest  heating  effect  is  not  obtained 
even  in  the  red,  but  beyond  it.    There  are  rays,  that 
is  to  say,  of  less  refrangibility  than  the  red,  outside 
of  the  red  and  invisible  to  our  eyes,  whose  heating 
effects  are  greater  than  those  of  the  red.    The  maxi^ 
mum  heating  effects  are  obtained  by  these  ultra-red 
rays  as  they  are  called.    It  was  found  that  certain 
substances  had  the  property  of  absorbing  some  of  the 
heat  rays,  while  others,  and  notably  rock  salt,  per- 
mitted the  heat  rays  to  pass,  absorbing  very  little. 
The  property  of    transmitting  heat  rays  is  called 
DIATHERMANCY,  that  of  absorbing  them  athermancy. 
Tyndall  found  that  solutions  of  iodine  refused  to 
transmit  light  rays,  but  were  quite  pervious  to  heat 
rays.    He  therefore  interposed  in  the  patli  of  an 
electric  beam,  a  globe  containing  a  solution  of  iodine 
m  bisulphide  of  carbon.    The  light  rays  were  all 
retained,  and  no  visible  rays  issued  from  the  lamp 
let  he  was  able  to  focus  the  invisible  heat  rays  on 
to  a  piece  of  carbon,  and  render  it  red  hot,  and  to 
treat  a  piece  of  platinum  in  a  similar  way     The  heat 
rays  were  detected  as  far  beyond  the  extreme  red  Is 
the  whole  length  of  the  visible  spectrum 

Tlie  cl.emi«;al  cITerls  of  the  spectrum  were 
proved  by  fechoele  in  1777  to  be  specially  intense  at 
the  violet  end,  since  chloride  of  silver  blackened  more 
speedily  m  the  violet  than  in  any  other  part  of  the 
spectrum.  Kitter  proved  that  in  the  invisible  part  of 
the  spectrum,  beyond  the  violet,  there  existed  chemi- 
cally active  rays.  Beyond  the  violet  there  are  rays 
01  greater  refrangibiiily  than  the  violet,  vibrations  of 
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greater  rapidity  than  those  of  the  violet,  which  do 
not  aS'ect  the  eye,  but  can  effect  chemical  changes. 
These    are    called    ultra-violet   rays.     If   a  beam 
of   intense  white  light  be   focussed  on  to  a  fine 
glass  bulb  containing  a  mixture  of  hydrogen  and 
chlorine  gases,  the  gases  will  violently  unite  to  form 
hydrochloric  acid,  and  the  globe  will  be  burst  with 
a  loud  report.     But  if  tlie  beam  be  split  up  into  a 
spectrum,  and  the  red  part  focussed  on  the  globe,  no 
explosion  occurs,  nor  yet  with  the  yellow  rays ;  but 
as  soon  as  the  violet  rays  fall  upon  the  globe  the 
explosion  takes  place.    It  is  the  chemical  activity  of 
the  spectrum  that  permits  of  photography  ;  and  photo- 
graphy has  been  carried  on  by  the  agency  of  the 
invisible  rays  beyond  the  violet.    The  spectrum,  then, 
has  heating,  illuminating,  and  chemical  propertie^. 
These  properties  are  distributed  throughout  the  whole 
spectrum,  but  in  different  proportions,  the  most  in- 
tense heating  effect  being  beyond  the  red  end  the 
most  intense  illuminating  effect  being  m  the  yellow, 
and  the  most  intense  chemical  activity  being  beyond 

the  violet.  .       i    .  -u 

These  effects  are  all  due  to  vibrations,  but  vibrar 
tions  of  varying  rates  of  rapidity,  the  rapidity  in- 
creasing from  the  ultra-red  region,  where  it  is  least, 
through  the  red  to  the  yellow,  and  still  increasing 
throu-h  the  violet  into  the  ultra-violet  region.  Ihe 
vibrations  of  the  ultra  red  are  not  rapid  enough  to 
excite  the  retina  of  the  eye  so  as  to  produce  the  sensa- 
tion of  light,  while  the  vibrations  of  the  ultra  violet 
are  too  rapid  for  vision. 

Fluorescence  and  pliosplioi  csconcx;.— it  a 
glass  cell  containing  a  solution  of  sulphate  of  quinine 
be  placed  beyond  the  violet  rays  of  the  spectrum  the 
solution  becomes  self-luminous,  and  emits  a  pale  blue 
li<rht  If  the  spectrum  be  thrown  on  to  a  sci^en 
which  has  been  washed  with  a  solution  of  qumine, 
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the  length  of  the  visible  spectrum  is  increased,  the 
increase  taking  place  beyond  the  violet,  and  the  lio-ht 
being  of  the  colour  stated.  Rays  in  the  ultra-violet 
part  become  by  this  means  visible. 

Canary  glass,  that  is,  glass  coloured  with  uranium, 
emits  a  faint  nebulous  light  under  similar  circumstances. 
Many  substances  become  self-luminous  when  light 
falls  upon  them,  the  kind  of  light  emitted  being 
dependent  on  the  substance.     Certain  forms  of  fluoi^ 
spar  have  this  property,  which,  on  this  account,  is 
called  FLUORESCENCE.    A  solution  of  chlorophyll  emits 
red  light,  a   decoction  of   madder   in  alum  emits 
yellow  and  violet  light.     An  aqueous  solution  of 
asculme  (extracted  .from  horse-chestnut),  and  '  alco- 
holic solutions  of  stramonium  are  also  fluorescent. 
All  these  substances  exhibit  the  property  when  ordi- 
nary white  light  falls  upon  them  ;  but  they  do  not 
necessarily  exhibit  it  with  all  the  separate  colours  of 
the  spectrum.    Thus,  as  we  have  seen,  sulphate  of 
qumine  gives  a  blue  colour  when  placed  in  the  ultra- 
violet rays;  but  if  placed  in  the  green  or  yellow 
region  of  the  spectrum,  no  fluorescence  is  visible- 
while  chlorophyll  will  emit  the  red  in  whatever  part 
ot  the  visible  spectrum  it  may  be  placed.    It  thus 
appears  that  the  rays  which   are  emitted   by  the 
fluorescent  body  are  never  of  a  greater  refrangibiiitv 
than  those  which  fall  upon  them,  and  are  genemlly  Jf 
a  less  refrangibility.    The  phenomena  are  explained 
by  supposing  that  the  molecules  of  a  particular  body 
tend  to  vibrate  at  a  particular  rate.    Vibrations  of 
a  longer  period  cannot  excite  the  molecules   of  the 
body   but  vibrations  of  the  same  period  will  excite 
vibratmns  in  the  body,  just  as  one  tuning-fork,  tuned 
to  vibrate  with  a  certain  rapidity,  will  throw  a  nei-h- 

activity.  \\  1h  e,  however,  vibrations  of  a  slower  rate 
cannot  excite  the  molecidcs  of  the  body,  vibrations  of 
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a  higher  rate  may,  though  the  molecules  of  the  body 
thrown  into  vibration  by  more   rapid  movements 
than  their  own,  will  still  vibrate  in  their  own  period. 
Thus  a  fluorescent  body  will  permit  vibrations  of  a 
lon'^er  period  than  that  to  which  its  molecules  tend  to 
oscfUate  to  pass  through  it  unatFected:    Vibrations  ot 
its  own  period  it  will,  however,  absorb,  and  its  own 
molecules  being  thrown  into  activity,  it  ^viU  itself 
produce  the  vibrations.    That  is  to  say,  hght  of  the 
same  colour  as  the  body  itself  emits,  it  will  absorb 
and  emit,  but  light  of  a  less  refrangibility,  of  a  less 
sp(  ed  of  vibrations,  it  will  permit  to  pass  unaffected. 
The  molecules  of  the  fluorescent  body  will,  however, 
be  thrown  into  vil)ration  by  vibrations  faster  than 
their  own,  but  thus  excited,  they  will  vibrate  with 
their  own  rapidity.    In  other  words,  light  of  a  dit- 
ferent  colour  than  that  which  the  fluorescent  body 
emits,  but  due  to  vibrations  whose  period  is  less  than 
that  of  the  molecules,  will  excite  the  fluorescent  body, 
and  it  will  emit  a  light  of  its  own  period  of  vibration. 
Thus  the  sulphate  of  quinine  solution  is  excited  by 
vibrations  of  the  ultra-violet  region,  and  emits  a  blue 
liaht  •  light,  tliat  is,  whose  period  of  vibration  is  less 
than  that  of  the  ultra-violet  rays.     By  this  means 
vibrations  whose  rapidity  is  too  great  to  produce  the 
sensation  of  vision  are  transformed  mto  vibrations 
whose  rapidity  is  less,  and  can  excite  the  retina,  and 
they  are  dins  rendered  visible.    Sulphate  of  quinine, 
therefore,  increases  the  length  of  the  visible  spectrum 
bv  diminishing  the  rate,  by  diminishing  the  refmngi^ 
bility,   of  the  ultra-violet  rays.      But  sulphate  of 
qui.iineis  not  fluorescent  in  the  yellow  because  he 
neriod  of  vibraflon  of  the  yellow  rays  is  less  than  that 
in  which  the  molecules  of  sulphate  of  qumme  os- 

''^^  PHOSPHORESCENCE  is  the  property  which  some 
bodies  possess  of  being  luminous  m  the  dark  aftti 
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they  have  been  exposed  to  the  light.  I'he  sulphides 
of  calcium  and  strontium  remain  luminous  in  the 
dark  for  several  hours  after  exposure  to  a  strong 
light,  diamonds,  chloride  of  calcium,  some  barium 
compounds,  magnesium  and  other  substances  also.  E. 
Becquerel  has  shown  that  there  are  few  substances 
not  phosphorescent,  thouyh  in  many  the  luminosity 
lasts  for  so  short  a  time  that  it  is  made  apparent  only 
by  special  contrivances,  such  as  Becquerel's  phos- 
PHOROscoPE.  Phosphoresceiice  is  explained  in  a  way 
similar  to  fluorescence.  The  phosphorescent  body 
absorbs  certain  rays,  transforms  them,  and  emits 
them  changed.  Becquerel  holds  the  two  phenomena 
to  be  of  a  similar  character,  the  fluorescent  body  occu- 
pying much  less  time  than  the  phosphorescent  in  the 
process,  the  former  eflecting  the  transformation  while 
the  light  is  upon  it. 

Some  animals  are  luminous  in  the  dark ;  the 
glowworm,  the  lampyre,  and  certain  marine  animals 
whose  light  produces  the  phosphorescence  of  the  sea. 
That  this  property  in  animals  is  due  to  the  same 
causes  as  the  phosphorescence  of  sulphide  of  calcium 
for  instance,  is  not  certain.  The  phosi^horescent 
material  of  the  animals  is  probably  a  secretion. 
Both  flnore.scenceandpho.si3hore.scence  can  be  produced 
by  pas.sing  an  elecHic  discharge  from  an  induction  coil 
through  a  Geissler's  tube  containing  the  body  to  be 
observed. 

Colonr.-If  in  front  of  the  slit  of  a  lantern, 
whose  beams  afford  a  spectrum,  a  sheet  of  red  glass  be 
placed  nearly  all  the  spectrum  will  be  cut  off'  but  the 
red;  the  red  will  pass  tlirough  and  appear  on  the 
screen ;  the  yellow  will  pass  with  difficulty,  and  the 
colours  beyond  the  yellow  with  inci'easing  difficulty 
biindarly,  yellow  glass  will  permit  yellow  rays  to  pass- 
all  others  will  be  enfeebled,  notably  the  blue  and  violet' 
It  in  the  red  part  of  the  spectruui  some  red  ribbon  be 
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placed,  it  will  appear  of  a  brilliant  red;  but  as  the  red 
ribbon  is  moved  through  the  spectrum  it  loses  its 
brilliancy,  till,  when  quite  beyond  the  red,  it  appears 
black.    Yellow  ribbons,  in  the  same  way,  are  yellow 
only  in  that  part  of  the  spectrum,  in  other  parts  colour 
is  absent.    It  thus  appears  that  bodies  are  coloured  in 
one  way  or  another  according  as  they  behave  towards 
white  light.    If  they  transmit  the  red  rays  they  appear 
red,  if  they  transmit  yellow  rays  they  appear  yellow,  and 
so  on.    If  they  trinsmit  more  than  one  colour  of  rays 
their  apparent  colour  will  be  a  blend.   In  fact,  coloured 
bodies  may  be  regarded  as  splitting  white  light  up 
into  its  elements,  as  absorbing  some  of  these  ele- 
ments and  as  transmittiiig  or  reflecting  others.  _  Ac- 
cordino-  to  the  rays  they  transmit  or  reflect  is  the 
colour  they  appear  to  have.     If  they  transmit  the 
rays  they  are  transparent  and  of  the  colour  of  the  rays 
transmitted,  if  they  reflect  the  rays  they  are  opaque 
bodies  of  the  particular  colour.    If  a  body  reflects  aU 
the  rays  it  is  white  ;  if  it  absorbs  all  it  is  black. 

Mixtm-e  of  colours.— A  body  might  transmit 
or  reflect  not  only  rays  of  one  simple  colour,  but  rays 
of  several  kinds,  and  in  such  a  case  it  would  appear 
to  have  a  colour  which  is  a  compound  of  the  diftereut 
rays  The  results  produced  by  the  admixture  of  two 
or  more  simple  colours  of  a  pure  kind  were  carefully 
worked  out  by  Helmholtz,  who  used  a  spectroscope 
with  a  V-shaped  slit,  by  means  of  which  he  obtamed 
two  spectra,  which  he  was  able  to  manipulate  so  as  to 
superimpose  one  on  the  other.  The  one  limb  of  the 
slit  was  placed  at  right  angles  to  the  other  limb,  so 
that  the  violet  of  one  spectrum  was  superposed  on 
the  red  of  another.  Helmholtz'  results  are  given  in 
the  following  table,  where  the  top  line  and  the  side 
column  indicate  the  superposed  colours  of  the  tN  o 
spectra,  and  the  other  columns  give  the  results  of  the 
blending  of  the  two. 
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The  mixture  of  coloure  can  be  shown  by  takino-  a 
rotating  di.sc  and  placing  sectors  of  different  colours 
on  It.  On  rotating  the  disc  rapidly  the  eye  cannot 
distinguish  each  colour  separately,  but  the  different 
impressions  are  blended,  and  an  impre.s,sion  of  a  com- 
pound colour  produced.  If  sectors  of  all  the  seven 
coJoiu's  of  the  spectrum  are  placed  on  a  disc  in  this 
^yay  m  a  definite  propoition,  and  the  disc  rapidly 
rotated,  the  impression  is  of  xvhite  light,  or,  rather 
grey,  because  colours  cannot  be  got  of  such  purity  as 
those  of  the  .spectrum.  The  colour  top  of  Clerk- 
Maxwell  is  an  application  of  this  method. 

Fuiidainciital  and  co  ni  i»!<*inonJaiy 
colours.  Reference  to  the  table  show.s  that  red 
n.ixed  with  greenish-blue  produced  white,  that  orange 
and  blue  produced  white,  yellow  and  indigo  also,  and 
greenish-yellow  and  violet.  To  put  it  in  another  way  • 
given  red  all  that  is  necessary  to  produce  white  is 
greenish-bhie;  given  violet,  all  that  is  necos.sary  for 
white  IS  ycllowish-grccn.     These  colours,  then,  are 
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said  to  be  complementary  to  one  another,  white  light 
bein<^  the  result  of  their  union.    It  is  evident,  also, 
thatr  suppose  red  and  violet  were  taken,  to  produce 
white,  greenish-blue  and  yellowish  green  are  all  that 
are  necessary;  but,  as  the  table  shows,  g.een  is  the 
result  of  a  mixture  of  greenish-blue  and  yellowish- 
areen,  so  that  a  mixture  of  red,  green,  and  violet 
would  produce  white.    This  the  colour  top  or  rotating 
disc  shows  to  be  the  case.    If  the  three  colours  are 
arranged  on  the  disc,  in  proper  proportions,  and 
rapidly  rotated,  the  eye  has  an  impression  ot  white. 
Further,  by  varying  the  proportions  of  the  three  colours 
on  the  disc  all  the  shades  of  the  spectrum  may  be 
produced,  not  with  the  brilliancy  of  the  spectrum, 
because  of  the  admixture  of  white  or  the  less  degree 
of  saturation,  as  it  is  phrased.    These  three  colours 
red,  green,  and  violet,  are  for  these  reasons  called 

FUNDAMENTAL  ColourS. 

Primary  colours  they  are  also  called ;  and,  as  we 
have  seen,  if  mixed  in  various  proportions  they  pro- 
duce various  other  colours.  Thus  the  spectra  red 
and  green  produce  yellow,  the  resultant  colour  being 
Sled  a  secondary  colour.  The  following  table  shows 
similar  combinations,  the  arrows  indicating  the  t^NO 
colours  combined  and  pointing  to  the  result  : 
Primary.  Secondary. 

Red-"— --;:::::"^ellow. 

Green-=-: ^^^-""""-tf^urple. 

Viol  ot-^rr/;:::r  :::^"^--^lue. 

It  is  not  to  be  supposed,  however,  that  the  three 
colours  exist  as  such  m  the  spectrum,  and  that  the 
blendln-  of  them  in  different  proi^ortions  produces  the 
^  adaSns  of  colour.  Colour  is  only  a  subjective 
fw  The  colours  of  the  spectrum  are  due  to  v  ibra- 
tions of  varying  rates  of  rapidity,  of  diflerent  wave 
engths  and  when  these  vibrations  affect  the  eye  they 


Chap.  XXVI.]  The  Youiyg-Helmholtz  Theory.  343 

Ijroduce  the  sensation  of  colour,  which  is,  therefore, 
not  an  objective  fact.  It  is  the  mixture,  in  varyi.iig 
intensities,  of  thi-ee  fundamental  sensations,  that  of 
red,  that  of  green,  and  that  of  violet,  that  gives  the 
sensation  of  varying  colours. 

Another  error  must  be  guarded  again.st.  The 
ml.^cture  of  red,  green,  and  violet  pigments  will  not 
give  white,  but  this  is  not  a  mixture  of  colours.  If  a 
beam  of  white  light  be  passed  through  a  plate  of  red 
glass,  and  then  through  one  of  blue,  the  result  will  be 
almost  darkness,  because  we  have  absorption  of  rays. 
The  red  glass  keeps  back  almost  all  rays,  and  transmits 
only  red  to  any  extent ;  but  then  these  rays  passin<x 
through  the  green  glass  are  retained,  because  it  trans" 
nuts  only  green.  Similarly  with  a  mbcture  of  powders 
the  reflected  light  which  gives  the  powder  its  colour 
IS  that  which  comes  from  the  deeper  layers  of  the 
powder  after  it  has  travelled  through  the  upper  layers, 
and  has,  therefore,  undergone  absorption. 

Thus,  in  a  mi.xture  of  two  simple  coloured  pigments 
the  apparent  colour  will  be  that  due  to  the  licvht  which 
has  escaped  the  united  absorption  of  the  two,  rather 
than  the  colour  due  to  a  mixture  of  the  two  corre- 
sponding colours  of  the  .spectrum. 

Young-IIelmholtz  thcory.-The  view  of  three 
fundamental  colours  is  .specially  that  of  Thomas 
loung,  and  has  been  advocated  by  Helmholtz  It 
gave  a  mei,^is  of  explaining  the  facts  of  colour  sen- 
sations, loung  supposed  that  iu  the  retina  there 
were  uervr.-hl,res  readily  alFeoted  by  vibrations  of  the 
rapidity  of  the  red  rays  of  the  spectrum,  auotiier  set 
sensitive  to  the  vibrations  of  the  green,  and  a  third  set 
sensitive  to  the  vibrations  of  the  violet.  If  the  first 
set  was  clnefly  afl^ected,  the  sensation  was  of  red  if 
the  second  set  chiefly,  the  sensation  was  of  green  M'nd 
HO  on.  The  vibrations  corrcspondiug  to  tiie  yellow 
ot  the  spectrum,  according  to  this  theory,  excite 
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moderately  the  fibres  sensitive  to  red  and  to  green, 
and  feebly  the  fibres  sensitive  to  violet,  the  resultant 
sensation  being  yellow.  So  the  vibrations  corre- 
sponding to  the  blue  of  the  spectrum  excite  moderately 
the  fibres  sensitive  to  green  and  violet,  and  feebly 
those  sensitive  to  red,  the  resultant  sensation  being 
blue.  Thus  the  sensations  of  various  kinds  of  colour 
are  all  due  to  excitations  in  different  degrees  of  three 
sets  of  nerve-fibres  in  the  retina,  each  set  being 
specially  aff'ected  by  vibrations  of  definite  rapidity. 

Qualities  of  conipoiind  colour.— Toue  of 
colour  is  determined  by  the  simple  colour  which  pre- 
dominates in  the  mixture.  Intensity  is  dependent  on 
the  amplitude  or  extent  of  the  vibratory  movements 
of  the  ether  by  which  the  sensation  of  light  is  produced. 
The  degree  of  saturation  of  colour  signifies  the  extent 
to  which  the  colour  is  or  is  not  mixed  ^vith  white 
light.  The  colours  of  the  spectrum  are  fully 
saturated. 


CHAPTER  XXVII. 

ABERRATIONS    OF  LENSES. 

Chromatic  aberration.— A  lens  is  practically 

an  arrangement  of  prisms.  Thus,  a  doubly  convex 
lens  may  be  considered  as  two  prisms  set  with  their 
bases  together,  the  angles  being  rounded  off,  as  sho%ATi 
in  Fi"-.  154,  and  a  doubly  concave  lens  may  be  con- 
sidered as  two  prisms  with  their  edges  together. 
Now  we  have  seen,  in  the  last  chapter,  that  when  a 
ray  of  white  light  passes  through  a  prism  it  is  dis- 
persed into  its  seven  constituent  colours,  red,  orange, 
yellow,  green,  blue,  indigo,  and  violet,  because  of  the 
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different  degrees  to  which  these  colours  are  refracted 
by  the  prism.  It  is  to  be  expected  that  the  same 
thing  will  happen  in  a  lens,  ■ 
and  that  the  most  refracted 
rays  will  be  brought  to  a 
focus  sooner  than  those  least 
refracted,  the  violet  rays, 
that  is  to  say,  will  be 
focussed  nearer  to  the  lens 
than  the  red.  This  actually 
happens,   and  is  represented 


in    Fig.     155,    where  two 


Pig.  1.5i. 


rays  at  extremities  of  the  lens  are  shown  to  be  dis- 
persed, the  violet  rays  forming  a  focus  at  5,  the  red  at 
r,  and  the  rays  of  the  spectrum  between  the  red  and 
violet  being  disposed  regularly  between  r  and  h.  If 
the  light  has  proceeded  from  an  object,  no  proper  white 
image  will  be  formed,  but,  instead,  circles  of  colour  will 


Fig.  155.— Cliromatic  Aberratiou. 

surround  the  object,  which,  if  placed  at  h,  will  have  a 
central_  circle  of  violet  changing  gradually  till  the 
outer  ring  of  the  circle  is  red  ;  and,  if  placed"  at  r,  will 
have  a  central  circle  of  red,  changing  gradually  throu-h 
the  colours  of  the  spectrum  to  violet.  This'  is  called 
cliromatic  aberration.  This  property  of  lenses  seemed 
at  hrst  to  oiler  an  insuperable  ol)stacle  to  the  cmplov- 
ment  of  lenses  for  magnifying  puq-oses,  since,  owing  io 
it,  no  clear  definition  of  an  object  could  be  obtained  • 
and  It  seemed  impossible  to  obtain  a  lens  which  would 
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refract  rays  of  light  without,  at  the  same  time,  dis- 
persing them.  In  1733  Hall,  of  Worcestershire,  was 
able  to  construct  a  lens  which  refracted  rays  of  light 
without  dispersing  them.  He  did  not  make  known 
his  discovery.  In  1757  a  London  optician,  named 
Dollond,  rediscovered  the  method  of  getting  rid  of  the 
chromatic  aberration.  Lenses  constructed  with  this 
object  are  called  achromatic. 

Suppose  two  prisms  of  the  same  material  and  pre- 
cisely the  same  in  other  ways,  and  suppose  a  ray  of 
light  to  fall  on  one,  it  will  be  bent  out  of  its  course 
and  split  up  into  a  spectrum,  in  other  words,  dispersed. 
The  second  prism  will  refract  and  disperse  the  ray  to 
the  same  extent.   If,  then,  the  second  prism  be  placed 
so  as  to  receive  the  rays  emerging  from  the  first,  but 
placed  with  its  refracting  edge  in  the  opposite  direc- 
tion, it  will  refract  and  disperse  the  rays  to  the  same 
extent  as  the  first,  but  in  an  opposite  direction.  It 
will,  that  is  to  say,  exactly  neutralise  the  action  of  the 
first  one,  and  the  rays  will  be  recombined  and  will 
emerge  ffom  it  in  a  direction  parallel  to  that  in  which 
they  "entered  the  first  one.    It  was  found,  however 
that  the  extent  to  which  a  prism  refracted  a  ray  of 
lio-ht  was  not  necessarily  a  measure  of  the  extent  to 
which  it  dispersed  the  ray.   In  other  words,  one  might 
have  two  prisms  of  different  raateriiils,  so  constructed 
that  while  both  dispersed  a  ray  to  the  same  extent, 
one  refracted  less  than  the  other.    So  that  if  these 
two  prisms  wei-e  placed  in  opposite  directions,  the 
second  one  would  disperse  equally  with  the  first,  but 
in  an  opposite  direction,  and  so  reunite  the  dispersed 
rays  •  but  it  would  refract  less  than  the  first,  so  that 
the  ray  would  emerge  from  the  second  prism  undis- 
persed  but  not  parallel  to  the  entermg  ray,  smce  all 
the  refraction  produced  by  the  first  prism  was  not  re- 
versed by  the  second.  It  would  still  be  refracted  to  an 
extent  equal  to  the  difference  between  the  refractions 
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of  the  two  prisms.  Thus  it  became  possible  to  make 
a  convex  lens  of  two  diffei'ent  substances,  so  that 
the  dispersion  produced  by  the  first  part  of  the  lens 
would  be  destroyed  by  the  second,  wliile  the  refrac- 
tion, though  diminished,  still  persisted.  Rays  of 
light  passing  through  sucli  a  lens  are  brought  to  a 
focus  without  the  accompaniment  of  rings  of  colour, 
except  to  a  very  slight  extent,  the  lens  being  prac- 
tically achromatic.  Such  a  combination  is  obtained 
■when  crown  glass  and  flint  glass  are  used.  A  doubly 
convex  lens  of  crown  glass  is  used,  fitted  to  a  coiicave 
lens  of  flint  glass. 
The  action  of  such 
a  lens  is  repre- 
sented in  Ficr.  156, 
where  the  ray  p 
passing  throMgh  Fig.  ISC- Achromatic  Lens, 

the  convex  lens 

would  be  refracted,  and  at  the  same  time  dispersed, 
so  that  the  violet  rays  would  be  focussed  at  q, 
and  the  red  rays  at  q  ;  but  the  concave  lens  overcomes 
the  dispersion,  diminishing  at  the  same  time  the  re- 
fraction, and  tlie  ray  p  is  focussed  at  q'. 

Diflei-ent  substances  do  not  disperse  different 
colours  in  the  same  ratio,  so  that  while  the  total 
dispersion  by  two  substances  may  be  made  the  same, 
the  dispersion  of  the  colours  between  the  extremes 
may  be  in  different  proportions.  A  combination  of 
lenses,  such  as  has  been  noted,  will  recomljine  two 
given  colours,  but  will  not  absolutely  recomljine  the 
others.  The  rays  usually  sought  to  be  recombined 
are  the  more  luminous,  such  as  orange  and  bine,  and 
this  degree  of  acliromatism  is  generally  found  sufhcicnt, 
though  absolute  achromatism  can  be  obtained  by 
further  combinations  on  the  same  principles. 

Splicrical  aberi-alioii.— In  sjieaking  of  mirrors 
it  was  remarked  (page  304)  that  it  is  not  absolutely 
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true  for  spherical  mirrors  that  all  the  reflected  rays 
meet  in  one  point.  Similarly,  it  is  not  absolutely  true 
for  lenses  that  the  refracted  rays  meet  in  one  point, 
though  it  becomes  more  nearly  true  the  smaller  the 
aperture  (page  314)  of  the  lens.  The  rays  from  the 
circumference  of  the  lens  are  focussed  nearer  to  the 
lens  than  rays  from  more  central  parts  of  the  lens. 
The  result  is,  that  when  the  centre  of  the  image  is  well 
defined  the  circumference  is  blurred,  and  vice  versa, 
because  the  focal  points  for  the  outer  and  inner  rays 
do  not  correspond.  This  is 
shown  in  Fig.  157,  where  A  is 
the  focus  for  the  outer  rays  a 
c,  and  B  is  the  focus  for  the 
cential  rays  b.  At  the  position 
B  the  centre  is  in  focus,  but  not 
^^^■"rauon.''''^  the  circumference.     This  aber- 

ration is  easily  rectified  by  cut- 
ting off  the  external  rays.  In  front  of  the  lens,  there- 
fore, a  diaphragm  or  stop  is  usually  placed  with  an 
opening  in  the  centre.  In  photography  the  diaphragm 
is  of  the  utmost  consequence.  Every  photographer 
prefers  to  have  such  illumination  as  will  permit  him 
to  use  a  diaphragm  with  a  very  small  opening,  since 
this  adds  to  the  definition  and  sharpness  of  his  image. 
It,  of  course,  at  the  same  time  diminishes  the 
amount  of  light.  In  the  chapter  on  the  eye_  it  is 
noted  how  the  iris  acts  as  diaphragm,  and  varies  in  the 
size  of  its  pupil  with  the  amount  of  light. 

Spherical  aberration  can  also  be  corrected  by  a 
combination  of  lenses  of  suitable  curvature. 
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CHAPTER  XXVIII. 

OPTICAL  INSTRUMENTS. 

The  application  of  the  facts  and  laws  relating  to 
mirrors  and  lenses  that  have  been  considered  in  'pre- 
ceding chapters  has  resulted  in  the  construction  of 
various  instruments  of  the  utmost  value  in  various 
departments  of  science.  The  nature  of  some  of  these 
instruments  it  is  the  business  of  this  chapter  to  con- 
sider. There  will  first  be  described  in  some  detail 
two  instruments  of  which  mirrors  form  the  chief 
part,  and  which  are  of  great  importance  in  practical 
medicine,  the  laryngoscope  and  the  ophthalmoscope 

The  larjiigoscope  is  for  the  purpose  of  illumi- 
nating the  fauces  and  pharynx  and  rendering  their 
inspection  more  complete,  and  for  making  visible  the 
larynx,  or,  at  least,  an  image  of  it.  The^idea  of  the 
instrument  is  due  to  Liston,  the  credit  of  its  practical 
application  belongs  to  Czermak. 

The  illumination  of  the  fauces  is  accomplished  in 
various  ways.  The  usual  method  is  to  place  the 
patient  opposite  to  the  observer;  at  one  side  of  the 
former,  slightly  behind  him,  and  on  a  level  with  his 
ear,  is  a  lamp  furnishing  a  steady  bright  light. 
Strapped  to  the  forehead  of  the  observer,  or  supported 
in  a  spectacle  frame,  is  a  concave  mirror.  The  mirror 
IS  pierced  m  the  centre  by  a  small  opening,  so  that 
when  It  IS  brought  in  front  of  the  observer^  eye  ho 
can  look  through  the  opening.  The  rays  from  the 
lamp  are  caught  on  the  mirror,  and  reflectefl  by  it 
into  the  patient'.s  mouth,  which  is  widely  opened,  his 
tongue  bonig  held  down  by  a  tongue  depressor,  or  by 
Its  point  being  grasped  between  finger  and  tluimb  of 
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the  observer,  and  pulled  slightly  forwards  and  down- 
wards. The  rays  from  the  concave  mirror  are  thus 
brought  to  a  focus  in  the  fauces,  the  proper  position 
iDcing  secured  by  adjusting  the  position  of  the  lamp, 
and  by  movements  of  the  head  of  -  the  examiner,  who 
sees  the  brightly  illuminated  fauces,  one 
eye  looking  through  the  opening  in  the 
mirror. 

The  other  and  essential  part  of  the 
apparatus  (Fig.  158)  consists  of  a  small 
plane  mirror,  which  may  be  round,  oval, 
or  square.  Passing  off  directly  from  the 
edge  of  the  mirror  is  a  long  stem,  which 
makes  an  angle  with  the  mirror  of  about 
125°,  and  terminates  in  a  handle.  The 
mirror  is  to  be  placed  in  the  fauces  of  the 
person  whose  larynx  is  being  examined. 
Before  introduction  it  is  heated  to  the 
tem]ierature  of  the  body  to  prevent  the 
breath  of  the  patient  depositing  moisture 
upon  it,  and  so  obstructing  the  view. 

The  plane  mirror  being  placed  in 
the  patient's  fauces,  the  light  from  the 
concave  mirror  is  focussed  upon  it,  and 
its  position  is  then  so  adjusted  that  its  reflected 
rays  pass  down  into  the  larynx,  which  may  tlius 
be  brightly  illuminated.  This  position  is  usually 
secured  when  the  plane  of  the  miri  or  forms  an  angle 
of  45°  with  the  horizon.  Now  the  larynx  being 
illuminated  just  acts  as  any  luminous  body,  and  from 
its  various  points  rays  pass  upwards  and  fall  on  the 
plane  mirror.  Froui  that  mirror  they  are  reflected, 
and  if  it  be  in  a  proper  position,  they  pass  straight 
outwards  to  the  observer's  eye,  who  thus  sees  an  image 
of  the  larynx  as  if  behind  the  plane  mirror,  as  de- 
scribed on  page  302.  Usually  the  first  parts  to  come 
into  view  are  the  back  of  the  tongue  and  tip  of  the 
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Mirrors. 
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epiglottis,  and  then,  as  the  plane  mirror  is  adjusted, 
the  cartilages  of  the  larynx  and  the  vocal  cords.  The 
image  is  reversed  to  this  extent,  that  what  appears 
posterior  in  the  mirror  is  anterior  in  the  patient,  and 
vice  versa.  But  the  right  side  of  the  image  is  also  tlie 
right  side  of  the  patient,  only,  because  of  the  relative 
positions  of  patient  and  observer,  the  right  hand  of 
the  observer  is  opposite  the  left  of  the  patient,  and 
consequently  the  vocal  cord  seen  in  the  mirror  to  the 
observer's  right  is  the  patient's  left  vocal  cord,  and 
the  patient's  right  cord  is  to  the  observer's  left. 

An  ingenious  arrangement  devised  by  the  late 
Dr.  Foulis,  of  Glasgow,  permits  a  person  to  examine 
his  own  larynx.  A  glass  globe,  such  as  is  used  by 
jewellers  to  focus  the  light  on  their  work,  is  tilled  with 
water  and  mounted  on  a  candlestick.  Above  it  is 
placed  vertically  a  piece  of  plane  looking-glass.  The 
person  sits  down  with  this  on  a  table  in  front  of  him 
On  the  other  side  of  the  globe  is  a  lamp.  The  o-]obe 
concentrates  the  light  on  the  person's  face.  He  opens 
las  mouth  and  allows  the  light  to  be  focussed  on  the 
fauces,  which  he  sees  illuminated  by  looking  in  the 
mirror.  Guided  by  the  image  in  the  mirror,  he  intro- 
duces the  small  laryngoscopic  mirror  in  the  usual  way 
and  thus  sees  in  the  mirror  in  front  of  him  an  ima^^e 
ot  the  image  m  the  laryngoscope. 

The  opluhaliiioscopc  is  a  small  concave  mirror 
by  means  of  which  rays  of  light  are  directed  through 
the  pupil  of  the  eye  so  that  the  deep  parts  are  illumi- 
nated and  rendered  visible.  It  was  invented  by  ' 
Holmholtz  m  18-51.  The  deep  structures  of  the  eye 
cannot  usually  be  seen,  because  rays  reflected  from 
them  diverge  as  from  any  luminous  point  at  a  finite 
distance  l  ie  divergent  rays,  as  they  pass  through 
the  media  of  the  eye,  are  converged,  and  meet  in  a 
conjugate  focus  outside  of  the  eye.  The  observer 
to  perceive  the  image  thus  foruied,  must  have  his  eyo 
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placed  at  a  distance  from  it  equal  to  that  of  distinct 
vision,  that  is,  still  farther  from  the  observed  eye. 
But  at  this  distance  the  field  of  vision  is  so  extremely 
small  that  nothing  can  be  distinguished.  Moreover, 
the  person  in  endeavouring  to  see  this  image  interposes 
himself  between  the  source  of  light  and  the  eye  to  be 
observed,  and  so  cuts  off  the  very  rays  whose  reflection 
he  wishes  to  intercept.     In  all  circumstances,  con- 
sequently, the  eye  appears  dark.      If,  however,  an 
observer  throws  light  into  the  eye  from  a  mirror,  and 
if  he  places  his  eye  behind  the  mirror,  through  an 
opening  in  which  he  can  look,  he  does  not  intercept 
the  rays,  and  he  can  find  the  conjugate  focus  of  the 
rays  reflected  from  the  ocular  chamber,  and  thus  per- 
ceive an  image  of  the  structures  reflecting  the  light. 
This  was  the  method  at  first  employed  by  Helmholtz. 
He  sat  in  front  of  a  patient,  at  whose  side  was  a 
lamp.    By  means  of  a  plate  of  glass  held  m  front  of 
one  of  his  eyes,  and  placed  at  an  angle  to  the  light,  he 
directed  rays  from  the  lamp  into  the  persons  eye 
through  the  pupil.    Some  of  the  light  is  absorbed  by 
the  eye,  but  some  is  reflected  outwards,  along  the 
same  paths  by  which  it  reaches  the  eye,  to  the  plate 
of  glass     Here  again  some  of  the  rays  are  reflected  ; 
but  some  pass  through  the  plate  into  the  obser^-ers 
eye,  and  so  there  is  perceived  an  image  of  the  retina 
and  other  deep  parts. 

Instead  of  the  plate  of  glass  a  slightly  concave 
mirror  was  afterwards  substituted,  which  permits  a 
areater  concentration  of  light  through  the  pupil  of 
the  observed  eye.  The  concave  mirror  is  pierced  in 
the  centre  by  a  small  opening,  through  which  the 

observer  looks.  . 

Now  the  ophthalmoscope  may  be  used  with  or 
without  lenses.  If  the  ophthalmoscope  be  used 
wiihout  lenses,  on  illuminating  the  back  of  the  ej  e  to 
be  observed,  and  on  the  observer  bringing  his  oyo 
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luuiu,  and  by  the  observer  lookino-  n« 
distance.     Tins  condition,  hoxvever   iV  1  ! 
possible  to  obtain.    The  resuTil  Vb.f  .T      T  ""^"^ 
^•a.s  W  t.e  eye  are  not  ^Zct;:!;^.^^^^^^ 


Fig.  159.-The  Ophthalmoscope  with  Ereet  Image. 

are  fonolcl'^  ^'"^^^^^^  ^^1-  of  difFusion 

such  a  lens  is  shown  in  Fi?  159  ^^'^  of 

tin-own  by  theUafe  ^.i  r  f "  V"  fro 
outwards  would  be  convercrpd  bv  fi^  "  V^^^^^^g 

and  would  come  to  a  focufL  V  T'^'^"  '^'^ 
tlms  be  formed,  ifit        ,    '  "^^"^  ^^""^^1 

image  moreover.    Bu  bl  ff    '         '"^^^^^^^  a  real 
B  (whose  focal'JliLte'^i         tll''^  ^"^^^^'^ 
to  diverge,  and  thus  a  virt„n       '        J""^'  ""''^  '"^de 

I'f'at  is,  the  rays  ftt;?'  °  erecf.. 

eye,  appear  by  Se  ac  on  of  IT    /'"'"'^  "'^ 

the  point  d  ^  ''^^^         to  proceed  fro,u 
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A  converging  lens  is  also  frequently  _  employed. 
The  effect  on  the  reflected  rays  is  shown  m  l^ig.lt.U 
The  observed  eye  is  represented  by  A,  and  «  is  a  point 
on  the  retina.  The  reflected  rays  passing  through  the 
media  of  the  eye  would,  if  permitted,  meet  at  6  and  an 
imao-e  of  part  of  the  retina  represented  by  the  anow 
a  would  be  produced,  represented  by  the  arrow  e6 
But  the  convex  lens  b  refracts  the  rays  still  moie, 
and  the  result  is  that  the  rays  are  focussed  at  d 
nearer  to  the  observed  eye  than  eh.    Consequently  the 


Fig.  160.-The  Ophthalmoscope,  with  Inverted  Image. 

observer's  eye  c,  placed  at  the  distance  for  distinct 
Si,  sees  L  image  /,  smaller  than  eh,  mveited,  and 

'''Thus  the  ophthalmoscopic  mirror,  alone  or  co^^ 
iunction  with  a  concave  lens,  gives  a  virtual  erect 
onsiderably  magnified,  ./he  convex  leiis  gves 
a  real  inverted  image,  and  considerably  le-  ni^  ^^e^^^ 
Tlip  focal  length  of  the  convex  lens  usually  empioyea 
i?aW  6  centimetres.  With  J-h  a  lens  the  ext.n 
of  magnification  is  about  four  times,  but  with  a 
nf  lono'er  focus  it  would  be  increased. 

^^Tei^  are  many  forms  of  ophthalmoscope  which  it 
^=  ,.f,rnecessary  to  consider  here.  In  general  the 
corave"^^  to  have  a  focal  length  of  about 
18  cent  metres,  aiid  the  convex  lens  one  of  6  cc^ 
Usual  y  there  are  also  supplied  two  cbscs,  each  of 
YhSh  has,  round  its  circumference,  a  serie.s  of  cin.ula 
•  R  millimetres  m  diameter,    in  om. 
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small  concave  lenses.    Each  disc  can  be  fitted  on  an 

observer  can  adjust  his  concave  or  convex  disc  J 
case  may  be  and  flr>rl  „  i  ^-unvex  disc,  as  the 

short  sigL  or'  W  sW.t  o  'th  T'^-  ''''''' 

In  this  way  the  onhfi  1  ^  observinj.. 

the  norrfde4e  if^^^^^  "^^'^^  ^  of 

uiiiid,!  degree  ot  refraction  of  an  obsprvorl  o-,,^  i 

a  measurer  of  the  deco-ee  of  Y>^v^TiW.l  T'^'^'^lf  ^nd 

Endoscope  is  t?e     .  '  ^^'"^ 

devised  in  1  SS^bv  ^^P^'"'^  *° 

to  the^uter  end  of  Ihe  tube  T  ^^^^ 
angle,  and  perforld  bv  n  s,  an 
Oppo.;ite  £  the  mtro^/rr  u  "P^^"^^     ^^^"^  centre. 

angles,  in  which  T.  Z  '^"^^^  ngbt 

f,.^^  1  vvuicn  IS  a  plano-convex  Ipjtcs  tk 
f'om  a  lamp,  placed  to  the  outside  o  f)  V 
caught  by  the  lens  an,]  „      ""^si«e  ot  the  lens,  are 

-liose  angle  is  so  adiusted  r^^'lf  1-  '^'^  "^i™^"' 
into  the  sound.  Thfctn  1  -ft  't'  ^^^^'^'^^^^ 
rendered  visible  to  an  eye  at  the' 1  ^'^^ 
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foPii.  of  a  concave  mirror,  so  that  a  greater  amount  of 
S  IS  th^by  thrown  ou  the  lens  for  concentrating 
on  tie  Plani  mirror.  By  similar  d-PO-^xons  of 
mirrors  aid  lenses,  other  canals  and  cavities  of  the 
body  have  been  explored. 

MICROSCOPES. 

The  simplemicroscope.-It  has  been  seen 

outside  ot  the  prtacipal  focus.  ^'^'^^Sit,  is 
thus  fonued   -^hicb,  ou  ,^1^ -ftbus 

„,eaus  ot  ms^uifyiug  small  *f  f  •  ^1  S'S 

falling  on  the  retma,  and  ^^^^y^  ^^^^^        ^^^^^  ^13^, 
highly  magnified  virtual  imaga    I  wiU  be^^^ 
ft.omi;eference  to  page  3^^^  ^^^^  ^^^.^ 

is  to  the  P™f  f  l/X%biect,  aaid  the  nearer  the 
highly  magnified  «JJ^«^f  f,'  ^o  the  principal 
object  IS  to  the  lens  tti^^it    ^^.^^  .^^^^^ 
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be  the  divergence  between  tlieii-  backward  pro- 
longations, and  consequently  the  more  magnified  the 
mage.  The  single  biconvex  lens,  then,  forms  a  simple 
microscope  for  viewing  very  small  objects.  The 
property  of  a  biconvex  lens  was  evidently  known  to 
the  ancients,  at  least  to  the  Greeks  and  Romans. 

Ihere  IS  m  the  French  cabinet  of  medals  a  seal, 
said  to  have  belonged  to  Michael  Angelo,  the  fabri- 
cation of  which,  it  is  believed,  belongs  to  a  verv 
remote  epoch,  and  upon  which  fifteen  figures  have 
been  engraven  in  a  circular  space  of  fourteen  milli- 
metres in  diameter.     These  figures  are  not  all  visible 
to  the  naked  eye."    At  the  Belfast  meeting  of  the 
British  Association  in  1852,  Sir  David  Brewster 
showed  a  lens,  made  out  of  reck  crystal,  which  had 
been  found  among  the  ruins  of  Nineveh,  and  which 
he  beheved  to  have  been  used  for  optical  purposes. 
Ihe  magnifying  power  of-globes  filled  with  water  was 
also  known  at  an  early  period.    Nevertheless,  the 
valuable  properties  of  lenses  were  not  to  any  extent 
known  till  the  middle  of  the  seventeenth  centLy 
^irnmL^f         '^-f-^^'^'''  properties  to  form  an  in- 
Zacha rks  ^^''^^^S'^fy^'??  ^^^11  objects,  is  ascribed  to 
Zachauas  Jansen  and  his  son,  of  Middleborough  in 
^le  low  countries,  who  made  microscopes  in  1590 

invented  the  mstrument  independently  in  1618  A 
Dutch  alchemist,  Cornelius  Drebbel,  brought  one  ff 
Jansen's  mstruments  to  London  in  IfilQ  wi  -  1 
seen  by  wUliam  Borrelli  anl^tW  '  DreJ^ ^^^^^ 
self  made  microscopes  in  London  in  1621  Wi  h  the 
simple  „,,eroscope  much  remarkable  wo  k  wT  lo  ^ 
It  was  with  such  an  instrument  that  LieberSn 
Leuwenhoech,  and  Swammerdam  worked.    W  J  ■ 

ex:miil:;'  ^  "^^^^^  ^^"^        --^^  o^J-tT^ 
The  difficulties,  however,  in  the  use  of  liigldy 
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magnifying  lenses  were  very  great,  difficulties  arising 
from  the  aberrations  of  sphericity,  which  rendered  the 
object  difficult  to  focus  with  good  definition,  and  from 
the  error  of  chromatism  due  to  the  dispersive  power 
of  the  lens.  These  prevented  much  progress  being 
made  in  the  improvement  of  the  instrument.  One 
improvement  consisted  in  the  employment  of  two 
plano-convex  lenses  instead  of  one,  the  convex  sides 
being  directed  towards  the  eye,  the  focal  length  of  the 
one  next  to  the  eye  being  three  times  that  of  the 
lens  next  the  object.  This  was  called  Wollaston's 
doublet.  It  diminished  the  amount  of  the  aberra- 
tions, and  specially  so  when,  latei-,  a  diaphragm  was 
interposed  between  the  two  lenses. 

The  compound   microscope  consists,  in  its 
simplest  form,  of  two  lenses,  one  next  the  object, 
called   the   object-glass,  and  one 
next  the  eye  called  the  eye-glass. 
The  action  of  the  two  is  shown  in 
Fig.  161,  where  ll'  is  the  object- 
glass,  and  mm'  the  eye-glass,   ab  is 
a  small  object  placed  beyond  f,  the 
focal  distance  of  ll'.   By  the  action 
of  ll'  a  real  inverted  image  of 
AB  is  formed  on  the  other  side  of 
ll',  viz.  ah.    Eays  from  ab  diverge 
towards  the  eye-glass  mm',  which 
is  so  placed  that  its  focal  distance 
is/     Thus,  ab  is  within  the  prin- 
cipal focus  of  mm'.    Eays  from  ab 
will,  therefore,  still  diverge  after 
passing  through  the  lens  mm',  but 
will,  by  the  action  of  the  media  of 
the  eye  of  the  observer  placed  beyond  mm',  be  brought 
to  a  focus  on  the  retina.    The  image  on  the  retina  will 
be  referred  in  the  direction  of  the  divergent  rays  enter- 
the  eye,  in  the  direction,  that  is,  of  the  dotted  lines, 


Tig. 


161.— Componncl 
Microscope. 
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and  will  see  a  virtual  image  a'b'.  Now  it  is  to  be 
observed  tliat  while  ah  is  a  real  image  of  ab,  a'b'  is 
only  a  virtual  image  of  ab.  In  other  words,  it  is  an 
image  of  an  image.  If  the  lens  ll'  is  an  ordinary 
one,  the  image  ah  will  exhibit  spherical  and  chro- 
matic_  errors,  and  consequently  the  image  a'b'  will 
exhibit  these  still  more,  since  it  is  a  magnified  image 
oi  ah.  Errors,  that  is,  made  by  the  object-glass,  are 
all  exaggerated  by  the  action  of  the  eye-glass,  and  the 
more  refracting  the  lenses  the  more  striking  are  the 
aberrations.  Hence  it  is  easily  seen  how  difficulties 
grow  m  the  effort  to  get  higlier  magnifying  powers 
and  how  specially  great  are  the  difficulties  in  the  way 
of  the  development  of  compound  microscopes. 

Between  the  lens  ll'  and  the  position  in  which 
Its  image  would  be  formed,  there  may  be  interposed 
another  convex  lens,  the  effisct  of  which  will  be  to 
retract  to  a  greater  extent  the  rays  going  to  form  the 
image  ah  and  thus  to  produce  a  smaller  image,  the 
whole  of  which  will  more  easily  come  withfn  the 
range  of  the  eye-glass.  The  eye-glass  and  this  addi- 
tional glass  are  placed  in  one  tube  at  a  proper  distance 
from  one  another,  and  their  combination  is  called  the 
e;ye-;nece,  the  lens  next  the  eye  being  still  called  the 
eye-glass,  and  the  distant  one  being  the  lield-glass 

Coi.  eei,«.,  fo,  a«,ci.  ati«..  i„  .„ic.«sco,»os. 
-ihe  compound  microscope  was  rendered  practically 
use  essbyreason  of  aberrations,  till  the  discovery  of 
Hall  and  Dollond  rendered  it  possible  to  correct  a 
lens  so  as  to  destroy  its  dispeVsive  power  vv  tliout 
abolishing  ite  refractive  power.  It  his  been  poi X 
out  (page  340  that  a  double  convex  lens  of  crown 
g  ass  properly  adjusted  to  a  plano-concave  lens  of  Hint 
gla^s  makes  an  achromatic  combination  for  two  colours 
but  for  only  two.  This  is  not,  however,  sufficient  fbr 
nncroscop.c  objects.  By  the  labours  of  kai.  ^  U  n  es 
and  Chevaher  of  Paris  (1«23),  and  those  of  Profit 
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Amici,  of  Moclena  (1827),  there  was  shown  a  method 
for  rendering  the  object-glass  of  a  highly  magnifying 
microscope  completely  achromatic.  The  combination 
consists  of  three  pairs  of  lenses,  each  pair  being  made 
of  a  doubly  convex  lens  of  crown  glass,  cemented  by 
means  of  Canada  balsam  (whose  refractive  index  is 
the  same  as  that  of  crown  glass)  to  a  plano-concave 
lens.  These  lenses  are  placed  close  to  one  another, 
the  plane  surface  being  towards  the  object,  and  are  so 
arranged  that  one  lens  corrects  the  errors  of  the  other. 
Fio-.  162  shows  this  combination,  in  position  in  the 
°  supporting   tuoe.     With  corrected 

lenses  also  the  angular  apertivre  is 
increased.      The  angular  aperture 
is  represented  by  the  side  part  of 
Fig.  162  by  the  angle  bfb'.    This  is 
the  angle  formed  by  the  extreme  rays 
which  are  able  to  pass  through  the 
system  of  lenses.  Thus  in  the  figure, 
Fig.   i62.-Acbro.  the  rays /a  /a'  are  too  oblique  to 
matie  Combina-  pass    through   the   three   pairs  01 
of°lpertui.''^^'  lenses,  but  the  rays  jb  fb'  pass,  and 
it  is  between  them  the  angle  of 
aperture  is  contained.    It  is  evident,  of  course,  that 
the  more  rays  that  pass  through  the  system  of  lenses 
the  better  illuminated  will  the  object  appear  to  be, 
and  the  fewer  the  rays  the  dimmer  the  object.  So 
that,  from  this  point  of  view,  any  inetliod  which  in- 
creases the  angular  aperture,  and  thus  increases  the 
illumination,  is  an  improvement.    Yet  it  is  to  be 
noted  that  the  more  that  oblique  rays  are  caused  to 
pass  through  the  system,  the  greater  is  the  difficulty  of 
correcting  for  spherical  aberration;  and,  even  when 
the    correction    is    complete,  the  narrower   is  the 
border-land  between  clear  definition  and  blurrmg  of 
the  object. 

Another  point  remains  to  be  noted  about  the 
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objective.  The  object  on  the  stage  of  the  microscope 
is  often  covered  with  fluid,  and  a  cover-glass.  Eays 
from  the  object  are  dispersed  to  some  extent  in  pass- 
ing through  the  film  of  liquid  or  the  cover,  and  if  tlie 
magnifying  power  employed  be  very  high,  cljroma- 
tism  results.  This  may  be  corrected  by  altering 
the  position  of  the  lenses  in  the  object-glass.  Eos&° 
of  London,  therefore,  constructed  an  objective  as 
shown  in  Fig.  162,  such  that  the  lens  next  the  object 
was  placed  in  the  tube  a,  while  the  other  two  were 
fixed  in  the  tube  h.  A  screw  at  the  side  permits 
the  lowermost  lens  to  be  moved  nearer  to,  or  farther 
away  from,  the  other  two,  and  so  the  lens  can  be 
adjusted  for  Aaewing  an  uncovered  or  a  covered 
object. 

The  general  principles  that  have  been  explained 
are  those  applied  in  the  construction  of  the  best 
modern  microscopes.  Lenses  made  of  crown  and  flint 
glass  are  used  and  combined  into  sets.  The  method 
of  combination  varies,  however.  Thus,  instead  of 
three  lenses,  each  of  which  is  a  doublet  {i.e.  made  of 
two  lenses  cemented  together),  in  one  arrangement 
the  middle  lens  is  a  triplet,  consisting  of  a  doubly 
concave  lens  of  flint  between  two  convex  lenses  of 
crown  glass,  the  other  two  being  plano-convex  lenses 
of  crown  glass.  In  another  combination  the  back  lens 
is  a  triplet,  the  middle  one  a  doublet,  and  the  front 
one  a  single  plano-convex  lens. 

Now  supposing  an  object-glass  is  obtained  cor- 
rected for  spherical  and  chromatic  aberration,  it  is 
evident  that  if  the  eye-piece  is  chromatic,  blurred 
and  coloured  images  will  still  be  obtained,  tlioucr]i 
to  a  less  extent.  The  eye-piece  must  be  achromatic 
as  well  as  the  object-gla.ss.  An  eye-piece  devised 
by  lluygliens  for  getting  rid  of  spherical  aber- 
ration HI  the  eye-piece  of  telescopes  is  found  to 
answer  tlie  purpose,  and  to  be  not  only  free  from 
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splierical,  but  also  from  chromatic  aberration. 
Huygheiis  himself,  it  appears,  was  unaware  that  his 
eye-piece  served  both  purposes.  It  was  applied  to 
the  microscope  by  Campani. 

Hiiyglieiis'  eye-piece  consists  of  two  plano- 
convex lenses  fitted  into  one  tube  at  some  distance 
from  one  another.  The  plane  surface  of  each  lens  is 
towards  the  observer's  eye.  The  distance  between 
the  two  should  be  equal  to  half  the  sum  of  their  focal 
length.  The  disposition  of  the  two  lenses  is  such  that 
the  abei'ration  of  one  coirects  that  of  the  other.  The 
first  lens  disperses  the  rays  from  the  object,  but  the 
dispersed  rays  by  passing  through  the  eye  lens  are 
rendered  parallel.  They  appear  to  the  eye  on  that 
account  to  come  from  the  same  point ;  the  different 
colours,  therefore,  coincide,  and  a  white,  instead  of  a 
coloured  image,  is  the  result.  Between  the  two 
lenses  there  is  a  stop,  which  cuts  off  outside  rays,  and 
so  the  aberration  of  sphericity,  as  well  as  that  of 
chromatism,  is  got  rid  of. 

Immersion  lenses. — The  more  one  increases 
the  magnifying  power  of  a  lens  the  shorter  becomes 
the  focal  distance.  The  more  nearly  the  object  ap- 
proaches to  the  objective,  the  more  obliquely  do  the 
rays  proceeding  from  it  fall  upon  the  object-glass,  tlie 
fewer  rays  are  able  to  pass  through  the  system  of 
lenses,  and  the  weaker  is  the  illumination.  Besides, 
the  shorter  the  focal  length  becomes  the  greater  is  the 
difficulty  of  obtaining  cover-glasses  of  sufficient  thin- 
ness to  interpose  between  the  object  and  the  object- 
glass.  Amici  conceived  the  idea  of  placing  on  the 
cover-glass  a  drop  of  water  or  other  liquid  into  wliich 
the  first  lens  of  the  object-glass  dips.  The  rays  of 
light  passing  from  the  object  through  the  cover-glass 
into  the  water  are  less  refracted  than  if  they  passed 
through  the  cover-glass  into  air.  In  the  former  case 
the  rays  fall  less  oioliquely  on  the  object-glass,  and  are 
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thus  able  to  pass  through  it ;  while,  in  the  latter  case, 
the  difference  between  the  refractive  index  of  glass 
and  air  is  so  much  greater  that  the  rays  would  fall  on 
the  objective  more  obliquely,  more  would  be  unable 
to  pass  through,  and  loss  of  light  would  result. 
Instead  of  water,  glycerine  may  be  used.  Oil  of  cedar 
wood  has  been  found  specially  useful  by  Prof.  Abbe 
of  Jena,  because  its  refi-active  and  dispersive  powers 
are  nearly  that  of  glass.  Lenses  made  for  use  in  this 
way  are  called  immersion  lenses,  but  it  is  usually 
only  for  very  high  powers  that  they  are  employed 

Mechanical  parts  of  a  compound  micro 
^^.V*^-T^^^-         i-epresents  a  compound  microscope 
of  Zeiss  s  model.    It  consists  of  a  firm  foot  which  sup- 
ports an  upright  stand.    The  stand  is  jointed  so  as  to 
permit  of  the  microscope  being  inclined  or  placed 
horizontally.    From  the  stand  projects  a  horizontal 
arm  p,  termmatmg  in  a  ring  r,  in  which  is  screwed  a 
tube  T.    This  tube  is  split  so  as  to  permit  the  lens 
tube  «L  to  shde  up  and  down  easily.     The  lens  tube 
consists  of  an  outer  tube  t,  movable  up  and  down  in' 
the  split  tube   T,  by  means  of  -the  milled  edge  m'. 
Fitting  into  the  tube  t,  and  also  movable  in  it!  is  a 
second  tube  d,  which  is  called  the  draw-tube,  and  is 
pushed  home  into  t,  or  drawn  out,  by  the  milled  ed^e 
m     E  pomts  to  the  outer  end  of  the  eye-piece  which 
fits  into  D.     At  the  other  end  l  of  the  microscope 
tube  IS  a  screw  adjustment  which  permits  of  the  lenses 
being  screwed  on  or  off  the  tube,    s  is  the  stagron 
which  the  object  to  be  examined  is  laid,  and  on  ft  a^v 
two  h  tie  spring  slips  for  holding  down  the  slide  on 
which  the  object  lies.    In  the  centre  of  the  sta-'e^s 
pierced  an  opening  through  which  light  can  be  directed 
by  the  mn-ror  m,  placed  a  little  <listance  under  the 
tage  and  movable  in  all  directions.    Under  the  stage 

smallest  no  larger  than  a  pin-head,  any  one  of  whicli 
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can  be  brought  under  the  opening  in  the  stage.  It 
thus  acts  as  a  stop,  and  regulates  the  quantity  of  ligh^ 
aiding  in  definition  with  high  powers  by  cutting  off 

the    outside  rays. 
Under  the  stage  is 
fitted  a66,  a  con- 
denser, an  arrange- 
ment  of  convex 
lenses    for  concen- 
trating the  light 
from  the  miiTor  on 
the  object   and  so 
increasing    the  il- 
lumination. The 
form  used  in  Zeiss's 
microscopes  is 
Abbe's,  and  can  be 
removed  or  replaced 
at  pleasure.    It  is 
specially  serviceable 
for  high  powers. 
There    are  two 
focussing  arrange- 
ments in  such  an 
inatrument.  The 
coarse  adjustmentis 
"  ^  made  by  grasping 

Fig.    163.-CompoTmcl  Microscope   (Zeiss's  ^j^^  milled  edo'e  m 
Model).  .  ,      ™  1 

With    finger  and 

thumb  of  one  hand,  the  other  hand  steadying  the  foot  of 
the  instrument,  and,  by  means  of  a  slightly  turning 
movement,  slowly  moving  t  down  or  up  the  split  tube 
as  may  be  desired,  thus  bringing  the  lenses  nearer  to  or 
taking  them  farther  away  from  the  object.  The  object 
havin°  been  brought  into  view,  accuracy  of  definition 
is  obtained  by  a'  slight  turning,  in  one  direction  or 
in  another,  of  the  fine  screw      the  fine  adjicstment. 
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13y  this  screw  the  whole  body  of  the  instrument  above 
/  is  moved  up  or  down  on  a  pillar,  and  so  focussing 
is  effected. 

The  magnifying  power  of  such  a  microscope  can 
be  affected  in  three  ways  :  (1)  by  different  lenses,  (2) 
by  different  eye-pieces,  and  (3)  by  the  extent  to  which 
the  di'aw-tube  d  is  pulled  out  of  the  tube  t.  In- 
creased magnification  by  different  lenses  is  already 
understood.  The  eye-piece,  it  has  been  seen  (page 
3.59),  magnifies  the  real  image  formed  by  the  objective, 
and  this  image  may  be  magnified  more  or  less  accord- 
ing to  the  power  of  the  eye-piece.  The  shorter  the 
eye-piece  the  more  does  it  magnify.  A  short  eye-piece 
is  often  called  "deep."  Great  magnification  by  the 
eye-piece  is  objectionable,  since  any  faults  caused  by 
the  object-glass  are  also  magnified.  By  increasing  the 
length  of  the  tube  the  magnifying  power  is  increased. 
The  increased  length  is  effected  by  pulling  out  the 
draw-tube  D.  Many  instruments  have  a  scale  marked 
on  the  draw  tube,  so  that  the  distance  it  is  pulled  out 
may  be  accurately  known.  Loss  of  light  follows 
iiicreased  length  of  the  tube,  since  the  light  is  thus 
distributed  over  a  greater  length,  and  fewer  rays  will 
be  focussed  by  the  field-glass  of  the  eye-piece.  With 
each  microscope  two  eye-pieces  at  least  are  supplied, 
a  long  one,  one  of  small  magnifying  power,  and  a 
short  one,  of  higher  magnifying  power.  The  objectives 
are  usually  numbered  or  lettered.  Thus,  in  Zeiss's 
list,  A  objective  magnifies  38  diameters  with  No.  1  eye- 
piece, 52  with  No.  2  eye-piece,  and  71  with  No.  3  ; 
B  magnifies  by  70  diameters  with  No.  1  eye-piece,  95 
with  No.^2,  and  130  with  No.  3  j  d  objective  magni- 
fies by  175  diameters  with  No.  1  eye-piece,  230  with 
No.  2,  and  320  with  No.  3.  With  Zeiss's  instru- 
ment, the  student  would  have  an  admirable  microscope, 
using  lenses  A  and  d  and  eye-pieces  Nos.  1,  2,  and  3.' 
Such   an    instrument    (without   Abbe's  condenser) 


3.66 


Physiological  Physics.  [Chap.  xxviii 


would  cost  him  about  £9  5s.,  with  the  condensei- 
£11. 

Some  makers  designate  their  objectives  by  the 
length  of  their  focal  distance.  Thus  the  1-in.  objective 
magnifies  on  an  average  by  80  diameters,  |-im 
magnifies  by  130  diameters,  and  the  |-in.  objective 
350  diameters. 

To  measm-e  magniryiiig^  power.  —  The 
magnifying  power  is  the  ratio  of  the  magnitud. 
of  the  image  to  the  magnitude  of  the  object.  Ther» 
are  various  experimental  methods  of  determining 
it.  For  these  a  micrometer  is  necessary.  This  is  a 
glass  slide  on  which  a  series  of  lines  is  ruled  by  meant 
of  a  diamond,  the  lines  being  at  stated  distances  from 
one  another,  several  being  distant  y^th  of  an  inch, 
several  -j-^ooth  of  an  inch,  or  it  may  be  x^oth  and 
j-gL-Qth  of  a  millimetre.  The  micrometer  is  placed  on 
the  stage  and  focussed.  Suppose  two  lines  Tooth  of 
an  inch  apart,  the  question  is  how  far  do  they  seem  to 
be  apart  when  viewed  under  the  microscope.  Take  a 
pair  of  compasses,  separate  their  points  and  hold  them 
close  up  to  and  on  a  level  with  the  slide  on  the  stage. 
Both  eyes  are  kept  open,  the  one  opposite  to  the  hand 
holding  the  compasses  looking  down  the  tube  of  the 
microscope.  "With  a  little  practice,  one  eye  ^vill  see  the 
image  of  the  lines  of  the  micrometer  scale,  and  the 
other  the  points  of  the  compasses.  Open  or  close  the 
limbs  of  the  compass  till  the  images  of  the  two  lines 
coincide  with  the  points  of  the  compass.  The  distance 
between  the  two  points  is  now  the  apparent  distance 
between  the  two  micrometer  lines.  The  actual  dis- 
tance between  the  two  lines  is  the  r^o*^^  °^  '^'^  inch. 
Measure  on  an  inch  scale  the  distance  between  the 
two  points  of  the  compasses.  Let  it  be  \  inch.  The 
ap[)arent  distance  is  \  inch,  the  actual  distance  is 
_i^th  of  an  inch,  and  the  apparent  distance  divided 
by  the  real  distance  gives  the  magnifying  power. 
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=  magnifying  po-n'er. 

1  o'o 

_  x«Q  =  50  diameters. 

If  the  distances  marked  on  the  mici'ometei"  be  in 
millimetres,  then  a  millim^jtre  scale  must  be  used  to 
measure  the  distance  between  the  two  points. 

A  second  method  consists  in  fitting  to  the  eye- 
piece of  the  microscope  a  neutral  tint  reflector  (page 
373).    The  microscope  is  bent  so  as  to  be  placed  hori- 
zontally :  on  the  table  straight  under  the  reflector  and 
at  the  nearest  distance  for  distinct  vision  (10  inches) 
is  placed  an  inch  scale  or  a  millimetre  scale,  according 
as  the  micrometer  is  ruled  to  give  to  British  or  French 
measurement.    The  reflector  is  placed  at  an  angle  of 
45°  to  the  line  of  the  microscope    tube,  and  the 
observer's  eye  is  placed  immediately  above  the  reflector 
and  looking  straight  down  upon  it.   The  rays  from  the 
micrometer  scale,  after  passing  out  by  the  eye-piece, 
fall  on  the  reflector  and  are  partly  reflected  upwards 
into  the  observer's  eye,  who  accordingly  sees  an  image 
of  the  micrometer  lines.    At  the  same  time  rays  from 
the  scale  on  the  table  pass  upwards,  pass  throui^h  the 
tinted  glass  unaffected,  and  reach  the  eye.  The'image 
of  the  micrometer  scale  and  the  rays  from  the  scale  on 
the  table  thus  coincide,  and  the  observer  can  read  oflT 
how  many  divisions  of  the  scale  on  the  table  are  in- 
cluded between  two  lines  of  the  micrometer  scale.  He 
thus  obtains  the  apparent  size,  and  can  make  the 
calculation  as  before. 

The  inch  or  millimetre  scale  might  also  be  held  at 
the  sule  of  the  microscope  stage,  as  the  compasses 
were  held,  and  a  dii-cct  reading  taken  in  this  Avay  of 
the  a])parent  size  of  the  object. 

It  need  scarcely  be  observed  that  the  magnifying 
power  determined  l>y  any  such  method  is  true  only 
for  the  particular  objective  and  eye-piece  that  are  in 


368 


Physiological  Physics.  [Chap,  xxvni. 


use,  and  for  the  position  of  the  draw-tube,  at  the  time 
when  the  determination  is  made. 

To  measure  the  actual  size  of  the  object. 

— If  one  had  determined  the  magnifying  power  of  the 
microscope  and  then  focussed  the  object,  the  actual 
size  would  be  known  by  measuring  with  compasses  or 
scale  the  apparent  size.    The  apparent  size  divided  by 
the  magnifying  power  gives  the  actual  size.    Thus,  if 
the  apparent  size  were  1  inch  and  the  magnifying 
power  300  diameters,  the  real  size  would  be  s^th 
inch.    This  method,  however,  is  not  quite  exact.  A 
more  correct  method  requires  a  micrometer  scale  for 
both  stage  and  eye-piece.    The  stage  micrometer  has 
been  already  described.     The  eye-piece  micrometer 
consists  of  a  piece  of  glass  having  fine  lines,  equi- 
distant from  one  another,  drawn  upon  it,  and  it  is  of 
great  advantage  that  every  fifth  line  should  be  longer 
than  the  other  four.     This  micrometer  may  be  in 
the  form  of  a  circular  piece  of  glass   fitted  into  a 
piece  of  tube  of  proper  length,  arranged  for  dropping 
into*  the  eye  piece  by  unscrewing  the  eye  lens,  which 
is  then  replaced.    The  micrometer  tube  rests  on  the 
diaphragm  of  the  eye-piece,  and  ought  to  be  of  a 
length  to  permit  of  the  lines  being  in  proper  focus. 
Or  the  eye-piece  micrometer  may  be  on  a  slide  which 
is  slipped  into  the  eye-piece  by  a  slit  in  the  side. 
It  being  adjusted,  the  lines  on  the  stage  micrometer 
are  brought  into  focus,  the  lines  of  the  eye-piece 
micrometer  then  appear  superimposed  on  those  of  the 
stage  micrometer,  and  it  is  found  how  many  divisions 
of  the  former  are  equal  to  one  of  the  latter,  which  is 
equal,  let  us  say,  to  the  xTTooth  of  an  inch.  Suppose 
five  of  the  eye-piece  divisions  were  equal  to  one  of  the 
stage  divisions,  then  each  line  of  the  eye-pieco  micro- 
meter is  distant  from  the  other  the  ^^th  of  an  mch. 
Now  remove  the  stage  micrometer,  and  place  on  the 
Btage  the  object  to  be  measured.  On  focussing  it  will  be 
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seen  through  how  manj^  divisions  of  the  micrometer  eye- 
piece tlie  object  extends.  Suppose  it  is  accurately 
enclosed  by  two  divisions,  then,  since  each  equals  the 
Wootli  of  an  inch,  the  diameter  of  the  object  is  the 
2-jootIa  of  an  inch. 

The  binocular  microscope  is  an  arrangement 
tor  permitting  both  eyes  to  view  the  ima^e.  The 
benefit  of  such  an  instrument  is  due  to  the  fact  that 
both  images  will  not  be  precisely  alike.  One  eye 
will  receive  rays  which  the  other  does  not  receive 
and  the  result  will  be  the  same  as  the  effect  of  a 
stereoscope,  the  object  will  be  perceived  in  relief 
ancl  elevations  and  depressions  of  the  surface  more 
easily  recognised.  One  method  consists  in  inter- 
cepting the  rays  from  the  objective  by  means  of 
two  prisms   one  prism  deviating  the  rays  from  one 

Tip     ni""         ^""'^  from  the  other 

iialt.     There  are  thus  two  different  tubes  for  such  a 
microscope  one  for  each  set  of  rays.    Tlie  objection  to 
this  method  IS  that  the  prism  must  be  achromatic,  and 
so  adds  to  the  difficulty,  while  the  fusion 
ot  the  two  images  gives  rise  to  a  pseu- 
doscopic  instead  of  a  stereoscopic  effect, 
the   elevations   being  made  depressions 


and    the    depressions    elevations;  the 
leliet   IS    in   tlie  opposite    direction  to  ^-^K 
what  it  IS  m  reality,  owing  to  the  revers- 
ing  ot  the  image.    A  method  free  from  ■ 
these  objections  is  shown  in   Fig.  164.     «  ^o"-; 

placed  Cfor,""^'  ^'•^ 
placed    not    for    dispersion   but  for 

total  reflection,    dd'  is  the  object,  and  rr'  the  obiec- 

lys  fJonT nT-^"^    f '  '^^^  - 

fleeted  f  -n^  Ti^  "-^  ^^'■•'^  P"^"^'  t"t^^lly  i-e- 
tlected   fiom   the    internal  surface   at   u    and  are 
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the  tube,  in  the  direction  p',  to  the  ey  e  of  the  observer 
Rays  frmn  the  opposite  side  of  the  object  are  reflected 
from  u'  into  the  ilAsm  s,  and  from  its  lace  o  are  thrown 
ia  the  du-ection  p  to  the  other  eye  oi  ^"^^ ^"^^^l^^l 

An  arrangement  of  Nachet's,  capable  of  being 
adapted   to  any  microscope,  is  represented  m  J^ig. 
lef  Above  the'objective  a  is  a  totally  -^^ecting  pnsm 
D  SO  placed  as  to  receive  hall  ot  the  lays 
from  the  object  c  passing  through  a 
The  rays  are  reflected  by  d  into  a  second 
prism  E,  by  which  they  are  again  re- 
flected, and  pass  up  the  microscope  tube 
to  the  eye-piece  a'b'.    The  other  half  of 
the  rays  pursue  their  straight  course 
unmolested  to  the  eye-piece  ab.  ilie 
prisms  can  be  arranged  so  as  to  permit 
the  rays  from  the  right  half  of  the 
objective  to  reach  the  /ig^t /ye,  anx 
the  rays  from  the  left  half  the  left 
"  eye,  and   so  produce  a  pseudoscopic 
convert  lug  a    jr   .  .    or  they  may  be  arranged  to 
aBiuocuiarMi-  g^.^gg  the  rays  and  give  the  true  steieo 
scopic  picture.    With  this  arrangement 
of  Nachet'sthe  additional  tube  -n  be je^-oved  w^^^ 
its  prisms,  and  the  microscope  used  as  an  oidmaiy 

™gement  a  single  pr^  ^ 

euliar  shape,  P^-^^^^l  ^J^.^^^  Z 
same  purpose  as  the  two  ot  ,  •  ,   .j^^^^  ^re 

contrived  a  binocular  ej^e^r-g^^  ^  ^^^^^^  .riown. 
four  rectangular  P-^^  f  f^,  ^',^^^^6 '^Uscope 
Rays  P-;-^"YJ^,„ta  by  the  prisms  A  and  b, 
towards  E  are  f^^^^^^  xxJi  proceed  towards  D, 
and  totally  reflected.      Half  poceed 

^,ere^  they   ai.  ^^^^  Cf  proceed 
e:^:/ai;'relcted  up  to  the  other  eye  at  k. 


Fig.  165. 
— Nachet's  Ar- 
raugemeiit  for 
oouvertiug  a 
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Here  the  change  of  eye-piece  is  all  that  is  necessary 
to  convert  a  monocular  into  a  binocular,  or  to  reverse 
the  process.     In  all  forms  of 
the    stereoscopic  microscope, 
however,   the   loss   of  light, 
owing  to    so  many  reflecting 
surfaces,    is    so  considerable, 
that  for  ordinary  practical  use 
the  monocular    microscope  is 
the  most  serviceable. 

The  Drawing  of  Micro- 
scopic Objects. 

Various   forms   of  optical 
apparatus  have  been  devised  for 
fitting  to  a  microscope,  in  order 
to  permit  of  a  faithful  drawing  bein 
magnified  image. 


Fig.  166.— Hartnack's  Bino- 
cular Eye-xDiece. 


taken  of  the 


Wollaston's 

1807,  is  one  form 


Fig.  167.— Camera  Lucida. 

on  the  lower  intenial 


camera    lucida,  devised  in 
very  generally  employed.    It  con- 
sists of  a  prism  of  glass  set  in  a 
brass  case  fixed  to  a  short  tube 
which  is  slipped  on  the  eye-piece 
instead  of  its  eye-glass.   The  body 
of  the  microscope  must  be  placed 
horizontally.    Fig.  167  represents 
the   path   of   the  rays. 
Rays  of  light  00,  passing 
up  the   microscope  tube, 
fall  upon  the  perpendicular 
face  of  the  prism  which 
is  next  to  the  tube.  They 
meet  this   face   at  right 
angles,  and  pass  unaffected 
into    the   prism,  to  fall 
face,  where,   owina  to  the 


,     )       "iiyji-^,      \l\\l\l\J       1,0  tup 

angle,  they  are  totally  reflected  in  an  np^  ard  diroction. 
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By  their  striking  on  another  internal  face,  as  shown 
in  the  figure,  a  second  total  reflection  occui^,  the  ray^ 
pass  1%  up  nto  the  eye  of  an  observer  at  e  bokmg 
stSt  down     On  the  table,  at  a  distance  of  about 

rSles  from  the  eye-piece  is  a  sheet  of  w^..te  paper 
PP  the  reflected  rays  from  which  pass  straight  upwards, 
Ind  reach  the  eye  in  lines  parallel  with  the  rays  from 
tL  obiect.   The^ye  on  loolcing  straight  down  through 
te  Si  square  c'orner  of  the  prism  tl-t  xs  unc^^^^ 
bv  the  brass  case,  will  see  the  image  of  the  object  on 
Kheet  of  whit;  paper..  If  a  pencil      then  t^^en  - 
the  hand  and  held  with  its  point  on  the  papei  m  the 
posiSi  to  draw,  after  a  little  practice  the  image  and 
?1    pott  of  the  'pencil  can  be  made  to  comcide  and 
thus  one  is  able  with  the  pencil       ^oll^  «n  *he 
naner  the  image  of  the  object,  and  so  pioduce  an 

ti-ate  sketch  of  it.    To  facilitate  tl-  couic.^-- 
pencil  and  image,  a  slightly  convex  lens  is  placed 

a  mS^ope  in  a  vertical  PO^i^^  ^^^^^^^^^ 

piece  of  the  micro- 
scope is  removed  and 
the  camera  put  on 
instead,  the  screen  s 
serving  to  fix  the 
camera  tube  to  the 
microscope  tube  M.  _At 

■r     J     p  is  a  rectangular  prism 
Pig.  168.-Chevalier's  Camera  Lucid..  ^^.^^^  ^^^^^  ^^.^^^^ 

u  1  «vP  totallv  reflected  into  the  tube  at  right 
the  object  aie  totaUy  e     ^^^^^^     ^  ^^^^^^^  ^, 

:S-refitis^h;:;aysinto  the  f^^j;^^^ 
At  the  same  time,  rays  from  a  sheet  «  I^^^^^J^^^ 
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point  of  the  pencil  we  can  follow  the  lines  of  the 
image  on  the  paper. 

The  neutral  tint  reflector  of  Dr.  Beale  is  one 
of  the  sinjplest  and  least  expensive  of  all  aids  to  draw- 
mg.  It  consists  simply  of  a  circle  of  tinted  glass  set  on 
a  ring  at  an  angle  of  45°.    By  means  of  the  ring  it  is 
slipped  on  the  eye-piece.    The  microscope  is  hori- 
zontal, and  the  eye  placed  above  the  eye-piece  looks 
straight  down  through  the  reflectoi-.    The  rays  from 
the  microscope  falling  on  the  glass  are  reflected  upwards 
into  the  eye,  and  at  the  same  time  light  from  a  paper 
below  can  pass  through  the  glass  and  fall  on  the  eye 
so  that  the  coincidence  of  the  image  and  the  point  of 
the  pencil  on  the  paper  can  be  oljtained.    The  o-lass 
IS  of  neutral  tint,  to  diminish  the  glare  from  the  paper 
which  would  interfere  with  the  distinctness  of  the 
imaffe. 

Micro-  photography. 

Photographs  of  objects,  as  magnified  by  a  micro- 
scope, may  be  taken  in  various  ways,  which  oucrht  to 
receive  mention  in  this  place.  The  ordinary"  com- 
pound microscope  may  be  used,  tlie  mirror  liavin-  a 
condensing  armngement  beyond  it  for  concentrating 
the  light  on  the  object.  Instead  of  the  eye-piece  a 
dark  slide  is  fitted  to  the  tube  of  tlie  micrascope,  so 
tJiat  the  image  is  focussed  on  the  plate  which  it  con- 
ains.  The  plate  is  one  of  the  usual  .sensitive  plates, 
the  nh  f  'T?'®  development  a  photograph  of 
the  object  will  be  obtained.  In  this  case  the  ilnao-e 
is  not.  very  large.  * 

Avery  simple  arrangement  permits  the  ordinary 
photographic  camera  to  be  used  with  the  microscope 
ine  lens  ot  ti^e  camera  is  unscrewed,  and,  the  Le- 
piece  of  the  microscope  being  removed,  the  microscope 
tube,  placed  horizontally,  is  closely  fitted  into  th,> 
opening  m  front  of  the  camera.     The  camera  should 
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be  capable  of  considerable  extension,  and  on  extending 
it  an  image  of  the  object  will  be  cast  on  the  ground- 
glass  plate.  One  initial  obstacle  in  the  way  of  micro- 
photography  is  the  great  loss  of  light  that  is  involved 
in  the  arrangement,  and  the  consequent  difficulty  in 
the  way  of  using  high  powers.  To  some  extent  this 
is  overcome  by  the  extreme  degree  of  sensitive- 
ness which  can  now  be  given  to  photographic  plates. 
Any  one  can  now  attempt  micro-photography  without 
going  through  a  long  apprenticeship  in  the  preparing 
of  plates  fit  for  working  with.  Plates  of  extreme 
sensibility  can  be  readily  procured,  and  all  one  has 
to  acquire  is  the  art  of  taking  and  developing  the 
picture,  since  material  to  work  with  of  the  best  pos- 
sible description  is  to  be  had  at  comparatively  small 
---eost. 


-•iidii^iit.iii^''^  CHAPTER  XXIX. 

THE   EYE  AS  AN  OPTICAL  INSTRUMENT. 

Camera  obsciira. — We  saw  (page  300)  that  if 
a  small  opening  exists  in  the  wall  of  a  dark  chamber, 
the  rays  of  light  from  the  outside  passing  through  the 
opening  will  "form  an  inverted  image  of  the  external 
object  on  the  opposite  Avail  of  the  chamber.  Unless 
the  opening  be  very  small,  the  image  will  be  blurred 
and  indistinct  from  the  overlapping  of  rays  from 
various  points  of  the  object.  If  the  opening  be  small 
enough  the  overlapping  rays  are  cu,t  oti;  and  a  distinct 
image  formed,  but  a  very  dim  one,  owing  to  the  loss  of 
lio-hl;.  If,  however,  a  convex  lens  be  interposed  in  the 
path  of  the  rays,  the  opening  may  be  enlarged,  and  the 
various  rays  are  brought  to  a  focus  so  that  the  images  of 
diffusion  are  prevented.    Now  the  dark  clianiber  or 
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camera  obscura  is  well  known  in  its  form  of  photo- 
graphic camera.  It  consists  of  a  box  (Fig.  169),  black- 
ened in  the  interior  to  prevent  reflection  from  the  walls. 
In  front  is  a  short  tube  hi  containing  a  system  of 
achromatic  lenses.  For  the  back  wall  of  the  box  is  sub- 
stituted a  ground-glass  plate 
on  which  the  image  formed  by 
the  lens  is  focussed.  In  photo-  Jf/* 
graphy,    for   the  ground-glass  |;     '  f  [['m, 

plate  a  plate  sensitive  to  light  is       '  '    ,    •  \.- 
substituted,  on  which  the  image 

is  thrown.      The  action  of  light   ^i^  lS^-CameraObsom-a 

on  the  sensitive  surface  of  the  plate  produces 
chemical  changes,  varying  in  degree  according  to  the 
varying  intensity  of  the  light  in  difl:erent  parts  of  the 
image.  So  that  on  developing  the  image  by  various 
solutions,  the  salts  of  the  sensitive  coating,  that  have 
been  acted  on  by  the  light,  are  deposited  on  the  plate. 
At  a  point  of  the  image  corresponding  to  a  point  of 
the  object  from  which  no  light  was  reflected  to  the 
camera,  no  change  will  have  occurred,  and  that  part  of 
the  sensitive  plate  will  be  removed  from  the  plate. 
Thus  grades  of  thickness  in  the  plate's  coating  will  be 
produced,  according  to  the  varying  lights  and  sliades  of 
the  object,  and  these  will  constitute  the  developed 
image.  Besides  dark  chamber,  lens,  and  sensitive 
plate,  other  arrangements  are  necessary.  If  the 
camera  be  so  adapted  that  parallel  ravs  falling  on  the 
lens  are  brought  to  a  focus  on  the  sensitive  plate  it  is 
obvious  that  divergent  rays  will  not  be  focussed  on  the 
plate,  but  behind  the  plate,  so  that  a  blurred  instead 
ot  a  sharp  image  would  result.  If,  however,  the 
sen.sitive  plate  could  be  moved  backwards,  it  could  be 
made  to  coincide  with  tlio  conjugate  focus  of  the  rays 
diverging  from  the  object.  This  is  eflected  by  inakin<r 
the  chamber  in  two  halves  {h  and  «),  one  telescoping  intS 
the  other,  so  that  the  chamber  can  be  lengthened  or 


376 


Physiological  Physics,     iciop.  xxix. 


shortened  at  pleasure.  The  focussing  for  different 
distances  is  also  effected  by  altering  the  position  of  the 
lens,  in  reference  to  its  distance  from  the  plate,  and 
this  is  done  by  the  screw  r.  Finally  we  have 
noted  (page  348)  that  spherical  aberration  interferes 
with  the  distinctness  of  images,  and  that  this  is  got  rid 
of  by  cutting  off  outside  rays  proceeding  from  the 
object.  In  the  camera  this  is  accomplished  by  insert- 
ing a  diaphi-agm,  through  a  slit  in  the  lens  tube, 
between  the  glasses  of  the  lens.  In  the  diaphragm  a 
central  hole  is  pierced,  a  diaphragm  with  a  large  or 
small  hole  being  used  according  as  the  light  is  feeble 
or  strong. 

Now  the  EYE  is  to  be  regarded  as  a  camera  obscura 
with  a  small  hole  in  front,  through  which  rays  of  light 
pass,  and  with  refractive  media.  The  sclerotic  and 
choroid  coats  form  the  walls  ;  the  cornea,  aqueous 
humour,  crystalline  lens,  and  vitreous  body  are 
different  refractive  media,  but  they  all  tend  to  effect 
the  same  purpose,  to  bring  parallel  rays  of  light  to  a 
focus  on  the  sensitive  coat,  the  retina,  and  so  to  form 
there  a  sharp,  real,  and  inverted  image  of  the  object. 
There  is  also  a  focussing  arrangement  for  always 
bringing  the  clear  image  on  to  the  retina,  in  spite  of 
varying  distances  of  the  object.  Lastly,  the  iris  with 
its  pupil  acts  as  a  diaphragm,  contracting  with  strong 
light  so  as  to  limit  the  rays,  and  dilating  with  little 
light  so  that  more  rays  pass  through. 

In  the  eye  the  converging  apparatus  does  not 
consist  of  a  single  refracting  medium.  There  is  the 
aqueous  humour,  separated  from  air  by  the  convex 
cornea,  and  the  aqueous  and  vitreous  humours,  sejjar- 
ated  from  one  another  by  the  more  dense  crystalline 
lens.  The  refraction  effected  by  the  cornea  alone 
would  bring  rays,  falling  on  the  eye  from  a  distance, 
to  a  focus  about  10  millimetres  behind  the  retina,  and 
it  is  the  additional  convergence  produced  by  the 
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lens  that  biings  the  focal  point  forwards  so  as  to  fall 
on  the  retina.  The  crystalline  lens  refracts  the  rays 
more  than  once,  first  by  its  anterior  surface,  when  the 
rays  enter  it  from  the  aqueous  humour,  and  last  by  its 
posterior  surftice,  when  the  rays  issue  from  it  to  pass 
into  the  vitreous  body.  But  it  has  been  shown 
to  be  composed  of  various  layers  with  different 
densities  and,  consequently,  difierent  indices  of 
i-efraction,  so  that  even  while  passing  through  the 
substance  of  the  lens  rays  of  light  will  undergo  a  series 
of  successive  I'efiactions,  all  tending  to  converge  the 
rays  to  a  focus.  Thus  rays  of  light  in  passing  through 
the  eye  encounter  various  media,  with  diflei'ent 
refractive  indices,  and  the  determination  of  the  path 
of  the  rays  is  to  some  extent  complicated.  We  shall 
therefore  consider  first  the  method  of  determining  the 
course  of  the  rays  in  any  system  of  refractive  media, 
and  then  apply  the  method  to  the  particular  case  of 
the  human  eye. 

In  a  system  of  several  different  refractive 
media  the  path  of  a  ray  of  light  may  be  found  by  a 


F,g.  170.— Construction  of  an  Image  by  meaus  of  the  Cardinal  Points. 

geometrical  construction.  In  Fig.  170  let  ab  cd  and 
EI  be  spherical  surfaces  sejiarating  four  did'erent 
refractive  media,  1,2, .3,4,  and  let  the  centres  of  curva- 
ture of  the  media  be  in  tlie  same  straight  line,  the  line 
passing  through  ff',  which  is  called  the  principal 
axis,  the  admission  of  six  cardinal  points  or  optical 
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constants  of  Gauss  enables  one  to  find  the  path  of 
rays  passing  through  the  system,  and  to  construct  an 
image  of  the  object  from  which  the  rays  have  passed. 

The  cardinal  pohits  or  optical  constants  are  as 
follows  :  (1)  two  focal  points ;  (2)  two  principal  points; 
(3)  two  nodal  points. 

The  focal  points  are  represented  in  the  figure  by  f 
and  f'.  f  is  the  anterior  and  f'  the  posterior  focal 
point.  Planes  passing  through  these  focal  points 
perpendicular  to  the  axis  are  focal  planes,  oo  the 
anterior  focal  plane,  and  o'o'  the  posterior  focal  plane. 
Now  the  feature  of  these  points  is,  that  all  rays  which 
diverge  from  the  anterior  focal  point  f,  and  pass 
through  the  refractive  media,  issue  fi-om  the  media  in 
a  direction  parallel  to  the  axis  ;  and  all  rays,  which 
before  entering  the  media  are  parallel  to  the  axis, 
issue  from  the  media  so  as  to  converge  to  the  posterior 
focal  point  f'  ;  that  is,  F  and  f'  are  to  the  system 
w^hat  the  principal  focus  is  to  a  single  refractive 
medium. 

The  princijyal  points  are  represented  in  the  hgure 
by  P  and  p',  and  the  relation  between  the  two  is  such 
that,  both  being  in  a  transparent  medium,  a  luminous 
point  in  the  medium,  which,  to  an  observer  situated  on 
the  left,  seemed,  owing  to  the  refraction,  to  be  at  f, 
would,  to  an  observer  situated  on  the  right,  seem  to 
be  at  p'.  The  two  points,  that  is  to  say,  are  conjugate 
foci,  and  therefore  rays  passing  through  one  pomt  will 
pass  through  the  other  also.  Through  P  and  p  let  vv 
and  v'v'  be  planes  perpendicular  to  the  axis ;  they  are 
principal  planes.  Any  point  in  the  plane  vv  wiL 
have  a  conjugate  focus  in  v'v',  and  thus  any  ray  passmg 
throuo-h  a  point  in  one  plane  wdl  pass  through  a 
corresponding  point  in  the  other  plane,  situated  at  the 
same  distance  from  the  axis,  and  on  the  same  side. 
The  planes  represent  the  two  ideal  surfaces  of  separa- 
tion of  the  transparent  media.     The  distance  fp  is 
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called  the  anterior  focal  length,  and  the  distance  f'p' 
the  posterior  focal  length. 

The  nodal  points  axe  n  and  n',  and  are  such  that 
an  incident  ray,  which  passes  through  n,  the  first  nodal 
point,  will  correspond  to  an  emergent  ray,  which  will 
pass  tlirough  n',  the  second  nodal  point,  and  both  rays 
will  be  parallel  to  one  another.  In  a  simple  lens  the 
only  point  through  which  a  ray  may  pass  and  issue 
parallel  to  its  oi'iginal  direction  is  the  optical  centre, 
and  straight  lines  other  than  the  principal  axis,  pass- 
ing through  the  optical  centre  of  a  lens,  are  secondary 
axes.  In  a  system  of  media,  then,  lines  which  pass 
through  both  nodal  points  may  be  counted  as  secondary 
axes.  N  and  n'  thus  represent  the  optical  centres  for 
the  surfaces  to  which  p  and  p'  belong. 

The  optical  constants  being  known,  the  path  of 
rays  through  the  difi'erent  media  may  be  traced,  and 
the  image  of  an  object  constructed. 

Thus  in  the  figure  let  ab  represent  an  object  from 
which  rays  pass  through  the  system  of  media.  From 
A  draw  a  line  parallel  to  the  axis.  It  cuts  the  first 
principal  plane  in  c,  and  the  second  principal  plane 
in  c',  equally  distant  from  the  axis.  From  c'  it  passes 
through  the  point  f',  since  incident  rays  parallel  to  the 
axis  emerge  so  as  to  converge  to  the  i)Osterior  focal 
point.  Next  draw  a  line  to  the  first  nodal  point  it 
must  pass  through  the  second  nodal  point  n',  and 
emerge  parallel  to  its  incident  direction,  that  is,  in  the 
line  n'a  .  It  cuts  the  line  through  f'  in  a'.  Draw  a 
third  hne  from  a,  and  let  it  pass  through  the  anterior 
focal  pomt  F.  After  cutting  in  h  and  v'v'  in  the 
corresponding  point  h',  it  issues  from  the  media 
parallel  to  the  axis,  and  thus  cuts  the  other  two 
lines  m  a'.  All  tiiese  lines  meet  in  a',  and  therefore 
A  IS  the  image  of  a.  By  the  same  construction  the 
image  of  b  would  be  found  in  b'.  Tlius  a'b'  is  the 
image  of  ab. 
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The  position  of  the  optical  constants  can  be  deter- 
mined by  a  mathematical  formula,  provided  the 
indices  of  refraction,  the  radii  of  curvature,  and  the 
thicknesses  of  the  different  media  be  given. 

In  the  case  of  the  eye,  these  values,  according  to 
Listing,  are  as  follows  : 


Index  of  refraction  for  air 

Index  of  refrac  ion  for  aqueous  hunaour... 

Index  of  refraction  for  crystalline  lens  ... 

Index  of  refraction  for  vitreous  body  ... 

Radius  of  cui'vatui'e  of  cornea 

Radius  of  curvature  of  anterior  sui-face  of 

crystalline  lens 
Radius  of  curvature  of  posterior  surface 

of  crj'stalline  lens 
Distance  of  the  anterior  face  of  the  cornea 

from  the  anterior  sui-face  of  the 

crystalline  lens 
Thickness  of  the  crystalline  lens 


1 

12^  =l-3379» 
\\  =  1-4540* 
1-3379* 

8  mm. 
10  mm. 
6  mm. 


4  mm. 
4  nun. 


*  Helmholtz  gives  1-3365  for  aqueous  humour  ; 

1-3382  for  vitreous  body  ; 
1-4415  for  crystalliue  lens. 

The  centres  of  curvature  of  the  different  media 
are  in  the  same  straight  line,  the  optical  axis  of 
THE  EYE,  -which  passes  through  the  centre  of  the 
globe  and  the  summit  of  the  cornea. 

Using  the  above  values,  the  positions  of  the  car- 
dinal pomts  of  the  human  eye  on  the  optical  axis, 
calculated  from  the  summit  of  the  cornea,  are  as 
follows  : 


Anterior  principal  focus 
Posterior  principal  focus 
Anterior  principal  point 
Posterior  principal  point 
First  nodal  point  ... 
Second  nodal  point  . . . 


1-2 -83-26  mm. 

22-6470  mm. 
2-1746  mm.  1  Difference, 
2-5724  mm.  /  0-3978. 
7-2420  mm.  \  Difference, 
7-6398  mm.  J  0-3978. 


Of  these,  the  anterior  principal  focus  is  in  front  of 
the  cornea,  the  others  are  behind. 
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The  distance  between  the  anterior  principal  focus 
and  the  anterior  princijial  point  (  =  the  anterior  focal 
length)  is  1.5-0072  mm.  ;  and  the  distance  between  the 
posterior  principal  focus  and  the  posterior  principal 
point  (=  the  posterior  focal  length)  is  20-0746  mm. 

From  these  data  may  be  shown  the  course  of  rays 
through  the  eye  and  the  position  and  size  of  images. 

The  size  of  the  retinal  imag-e,— In  consider- 
ing simple  lenses,  we  saw  that  the  size  of  the  image 
was  obtained  by  the  formula,  ° 

size  of  image     _    distance  of  image  from  lens 
size  of  object     ~    distance  of  object  from  lens  ' 

The  same  rule  applies  to  the  eye  when  we  calculate 
the  distances  of  image  and  object  as  from  the  nodal 
j)oints.  The  two  nodal  points  may  be  taken  as  coin- 
ciding; therefore 

size  of  image    _    distance  of  image  from  nodal  point 
size  of  object  distance  of  object  from  nodal  point ' 

The  distance  of  the  image  from  the  nodal  point  is 
the  posterior  focal  distance  ;  this  distance  in  distinct 
vision  may  be  counted  as  the  distance  between  retina 
and  cornea,  less  the  distance  between  cornea  and 
nodal  point;  while  the  distance  of  the  object  from  the 
nodal  point  is  the  distance  of  the  object  from  the 
cornea  +  the  distance  between  cornea  and  nodal 
point. 

Let  I  =  .size  of  image,  0  =  size  of  object,  P  =  dis- 
tance between  object  and  cornea,  P'  ^  distance  between 
retina  and  cornea,  and  P  distance  between  cornea 
and  nodal  point ;  then 

O    =   P  +  r' 
N'ow  the  distance   P'  r-.  22-6470  mm.,  and  the 
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distance  of  the  nodal  point  E,=  I'i 
R=  22-6470  -  7-4  =  15-2470. 
Therefore 

2       _  15-247 
O       —  P+7-4' 

and 


therefore  P'  - 


1=0 


15-247 
P+7-4- 


Suppose  an  object  1,000  mm.  (1  metre)  high,  seen 
at  a  distance  of  15-2396  metres  (15239-6  mm.),  what 
is  the  size  of  the  retinal  image  1 


1,000 


15-247 


Fig.  171. 


15239-6  +  7-4 
=  1-0  mm. 

That  is,  at  a  distance  of  rather  more  than  15 
metres,  the  image  is  a  thousand  times  smaller  than 
the  object. 

The  visual  angle  is  usually  defined  as  the 
angle  included  by  the  lines  from  the  extreme  points 
of  the  object  where  they  cross  at  the  nodal  point, 
the  angle  x  enclosed  by  the  lines  A  and  b  of 
Helmholtz,  however,  has  shown  that  the 
visual  angle  is  properly  _  the 
angle  enclosed  by  the  visual 
lines,  which  are  lines  from  a 
point  in  space  which  pass  through 
the  centre  of  the  image  of  the 
pupil  formed  by  the  cornea,  and 
pass  to  tlie  centre  of  the  yellow 
spot.  The  apparent  size  of  objects  depends  upon 
the  visual  angle.  Thus  the  objects  c  d  e  d\\  form 
the  same  angle  x,  and  thus  appear  to  the  eye  to  be 
.jf  the  same  size.  The  size  of  the  angle  depends 
on  (1)  the  size  of  the  object,  and  (2)  its  distance  from 
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the  eye.  Thus  one  body  largei-  than  anothei',  but  at 
a  greater  distance  from  the  eye,  will  be  seen  under 
the  same  angle  x.  The  smallest  visual  angle  per- 
mitting distinct  vision  is  60  sec,  and  it  corresponds 
to  a  retinal  image  about  0-004  mm.  in  size,  a  size 
just  sufficient  to  cover  one  of  the  cones  of  the  retina. 
Two  points  seen  under  an  angle  of  60  sec.  would 
appear  as  one. 

The  smaller  the  visual  angle  under  which  distinct 
vision  is  possible,  the  more  acute  is  the  vision,  so 
that  acuteness  of  vision  is  inversely  as  the  size  of  the 
visual  angle.  Test  types  now  in  use  for  estimating 
acuteness  of  vision  are  constructed  on  this  principle. 
Thus,  Snellen's  types  are  all  arranged  to  be  seen  under 
an  angle  of  5  minutes.  Let  d  be  the  distance  at  whicli 
the  types  ought  to  be  seen  under  the  angle  of  5 
mmutes,  and  d  the  shortest  distance  at  which  the 
person  whose  sight  is  being  tested  sees  the  object, 
then  the  acuteness  of  vision  is  given  by  the  formula 

D 

When     =  D,  acuteness  of  vision  is  normal. 

Accommodation  of  the  eye  for  distance.— The 
refractive  media  of  the  eye  are  such  that  parallel  rays 
are  brought  to  a  focus  on  the  retina ;  the  posterior 
prmcipal  focus,  that  is  to  say,  is  on  the  retina.  Such 
an  eye  is  called  emmetropic.  It  is  evident  that  if 
divergent  rays  fall  upon  the  eye,  that  is,  rays  from  a 
finite  distance,  they  will  not  be  brought  to  a  focus 
on  the  retina,  but  behind  the  retina,  if  the  eye 
remains  in  the  same  condition  so  far  as  its  refraction 
is  concerned.  The  result  of  this  would  be  circles  of 
diffusion,  and  a  blurred  and  indistinct  image  The 
experiment  of  Scheiner  illustrates  the  diffusion 
images.     A  card  is  taken,  in  which  two  small  holes 
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Fig.  172.— Schemer's  Experiment. 


ai*e  pierced  close  to  one  another.  The  card  is 
held  close  to  the  eye,  and  in  front  of  it  is  held 
a  needle.  On  moving  the  needle  nearer  to  the  card 
and  then  farther  from  it,  a  position  is  found  where  it 
is  distinctly  seen.  If  it  be  brought  slightly  nearer, 
the  needle  appears  double,  and  the  same  tiling  happens 
if  it  be  moved  away  a  little  from  its  first  position. 
The  exjilanation  is  evident  from  Fig.  172,  where  A 

and  B  represent  the 
holes  in  the  card,  a  the 
point  of  the  needle ;  c 
represents  a  lens,  and  D, 
E,  and  F,  a  screen  at 
varying  distances  from 
it.  With  the  screen 
at  E,  a  distinct  single  image  of  the  needle  is  perceived, 
because  the  rays  from  a  and  b  coincide,  and  are 
focussed  at  0  ;  at  the  position  f,  the  image  is  blurred 
and  double,  because  the  rays  from  A  do  not  coincide 
with  those  from  b,  while  at  d  the  image  is  also  double 
and  blurred,  because  the  rays  are  intercepted  after 
they  have  diverged  from  their  focus.  With  the 
screen  in  a  fixed  position,  the  same  effects  are  pro- 
duced by  varying  the  distance  of  a  from  the  screen. 
Let  C  and  the  screen  represent  the  refractive  media 
of  the  eye  and  the  retina,  the  explanation  applies,  and 
the  phenomena  of  diffusion  images  are  understood. 

It  is  evident,  then,  that  the  eye  in  its  condition 
for  focussing  parallel  rays  will  produce  on  the  retina 
images  of  diffusion  with  divergent  rays,  because  the 
focal  point  is  thrown  behind  the  retina.  It  is  equally 
evident  that  if  an  increase  of  refractive  power  were 
given  to  the  media,  the  focal  point  would  be  brought 
forward  and  made  to  coincide  with  the  retina.  Every 
different  distance  of  the  object  looked  at  would 
require  a  new  adjustment.  The  increased  refractive 
power  would  be  conferred  by  the  addition  of  another 
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convex  lens  in  front  of  the  crystalline.  This  is 
practically  accomplished  by  the  lens  itself  being 
capable  of  adjustment  for  varying  distances,  a 
capacity  termed  tlie  power  of  accommodation.  It 
consists  of  an  ability  to  alter  the  convexity  of  the 
lens.  This  is  effected  by  the  contraction  of  the 
ciliary  muscle,  which  relaxes  the  anterior  ligament 


Pig.  173.— Acoommodatiou  of  the  Eye. 

of  the  lens,  permits  the  lens  to  bulge  forwards 
by  Its  own  elasticity,  and  thus  increases  its  con- 
vexity. _  The  figure  .shows  on  the  side  marked  i 
the  position  of  the  lens  when  tlie  mechanism  of 
accommodation  is  in  repose,  and  on  the  side  marked 
F  the  new  position  in  accommodation.  It  is  mainly 
the  anterior  surface  of  the  lens  that  takes  part  in 
the  process.  Its  curvature  augments,  and  its  radius 
ot  curvature  for  the  greatest  amount  of  accommodation 
IS  diminished  from  10  to  6  mm.  The  posterior  sur- 
face of  the  lens  practically  does  not  alter 

H.lmrir"f'****'T*'  ^'^  '^'^  instrument  devised  by 
Helm  holt,  for  rendering  visible  tlie  alteration  in 
curvature  of  the  anterior  surface  of  the  lens  It  is 
shown  in  Fig.  174.  It  consists  of  a  black  box  made 
of  pasteboard,  of  the  triangular  shape  shown  hi  t l  e 
t^gure,  aud^  mounted  on  a  stand.    In  the  centre  of 

Z —  i 
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the  base  of  the  triangle  is  a  little  window,  just  above 
a  in  the  figure,  projecting  vertically  upwards,  in 
which  is  a  needle  point.  Di- 
rectly opposite,  in  the  truncated 
apex  of  the  triangle,  is  an  opening 
through  which  the  eye  to  be 
observed  looks.  The  person  at 
this  opening  is  directed  to  look 
across  through  the  window  a,  as 
if  to  a  far-off  object.  At  one  of 
the  angles  of  the  triangular  box 
are  placed  two  prisms  b  and  b', 
in  front  of  which  a  candle  is 
Fig.  174.— The  phaico-  placed,  the  light  from  which  is 
scope  of  Heimiioitz.  ^Yir:oyrn.  by  the  prisms  in  the  ob- 
served eye.  The  observer  looks  through  the  opening 
at  0  towards  the  eye  to  be  observed,  on  which  he 
sees  three  images,  being  images  of  the  candle  flame. 
They  are  reflected  images  ;  the  first  is  large,  bright  and 
upright  (a,  Fig.  175),  a  virtual  image,  the  reflection  from 
the  surface  of  the  cornea  acting  as  a 
convex  mirror  ;  the  second  image  b  is 
larger  and  erect,  but  dim.  It  is  the 
reflection  from  the  anterior  surface 
of  the  lens,  a  virtual  image  also.  The 
third  image  c  is  small,  inverted,  and 
still  dimmer,  a  real  inverted  image  from 
the    posterior    surface    of    the  lens, 


acting   as  a 


concave  mu'ror. 


^ow 


Fig.  175.— Fiir- 
kiiije's  Images. 


when  the  person  whose  eye  is  being 
observed  looks,  not  through  the  window  to  a  distant 
obiect,  but  to  the  needle  point  in  the  window,  he 
brinc-s  his  accommodation  into  play,  and  the  second 
ima°e  is  seen  to  become  smaller  and  to  approach  the 
first,  that  is  to  say,  the  anterior  surface  of  the  lens 
moves  forwards.  The  discovery  of  the  three  images 
is  due  to  Purkinje. 
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Tlie  range  of  acconunodation.— For  parallel 
rays,  then,  the  normal  eye  requires  no  adjustment. 
Practically,  rays  falling  on  the  eye  for  any  distance 
not  less  than  sixty-five  metres  do  not  necessitate 
accommodation.  For  any  object  Avithin  this  distance, 
however,  increased  convexity  is  necessary.  At  this 
distance,  and  up  to  infinity,  we  have,  therefore,  the 
punctum  remotum  of  distinct  vision.  The  nearer 
within  the  limit  the  object  corres,  the  more  is  the 
accommodating  power  caJ'.eJ  'ntc  play,  the  lens 
becomes  more  and  more  convex.  Bat  it  is  apparent 
that  there  must  be  another  limit.  A  point  must  be 
reached  beyond  which  any  app^'oach  of  the  object  to 
the  eye  cannot  be  compensaved  for  by  the  lens.  The 
accommodation  is  strained  to  its  uttei'most ;  and,  if  the 
object  comes  nearer,  its  rays  cannot  be  focussed  on 
the  retina.  This  is  the  purtclum  proximum,  and 
normally  is  distant  12  centimetre.s  from  the  eye. 

Between  the  two  limits  is  the  range  of  accommo- 
dation of  the  eye  for  distance. 

The  power  of  accommodation  of  an  eye  would  be 
measured  by  the  converging  power  of  a  lens  which 
produced  distinct  vision  of  an  object  placed  at  the 
punctum  proximum,  without  calling  in  the  accom- 
modation of  the  eye,  a  lens,  that  is,  which  would  so 
act  on  the  rays  diverging  from  the  near  point  as  to 
give  them  the  direction  of  rays  coming  from  the  far 
point,  a  parallel  direction,  namely,  for  which  accom- 
modation is  not  required  in  the  normal  eye.  The 
focal  length  of  such  a  lens  is  given  by  the  formula 

1       I  _  1 
P  -  R  -  /• 

where  /  =  the  focal  length  of  the  lens,  P  =  the 
distance  of  the  punctum  proximum  (normally  12 
contini6tres),  and  R  =  that  of  the  punctuui  remotum, 
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which,  in  the  normal  eye,  =  infinity.  Therefore,  nor- 
mally p  —  y  j  12  cm.  is  the  focal  distance  of  the  con- 
vex lens,  which  represents  the  power  of  accommodation. 

Presbyopia  is  the  term  applied  when  the  range 
of  accommodation  becomes  diminished,  usually  as  the 
result  of  age.  The  punctum  proximum  is  farther  and 
farther  i-emoved,  probably  because  both  a  flattening 
of  the  lens  and  a  diminished  elasticity  prevent  it 
assuming  the  same  degree  of  convexity  as  formerly. 
The  deficiency  in  accommodation  may  be  rectified  by 
a  convex  lens,  which,  placed  before  the  eye,  would 
give  the  rays  the  direction  they  would  have  if  they 
proceeded  from  the  near  point  in  a  normal  eye.  Let 
p  =  the  normal  near  point,  and  let  the  near  point  of 
the  presbyopic  eye  be  30  cm.,  then 

J_  _  1  _  1 
To       30  ~  /' 

where  /  =  the  focal  length  of  the  desired  lens. 
For  very  fine  work  Douders  makes  p  =  8  Paris  inches 
(21-66  cm.).  Presbyopia,  then,  it  is  to  be  noted,  is  an 
anomaly  of  accommodation,  thus  diflering  from  short- 
sightedness and  long-sightedness,  which  are  anomalies 
of  refraction  ;  these  must  now  be  considered. 

Anomalies  of  refraction.  —  IJypermetropia 
and  myopia.  We  have  seen  that  in  the  normal  or 
emmetropic  eye,  parallel  rays  of  light  are  brought  to  a 
focus  on  the  retina.  The  eye  may  not  be  normal, 
however,  and  the  focus  for  parallel  rays  maybe  behind 
the  retina,  or  in  front  of  the  retina,  in  both  cases 
circles  of  diffusion  being  formed.  The  former  condition 
is  termed  hypermetropia  or  long  sight,  the  latter 
myopia  or  short  sight.  The  reason  of  the  terms  long 
or  short  sight  is  apparent.  The  hypermetropic  eye 
does  not  form  images  of  objects  at  a  long  distance  on 
the  retina  with  the  accommodation  in  repose,  else,  in 
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that  case,  indistinct  vision  would  result.  The  accom- 
modation is  called  into  play  even  for  parallel  rays,  and 
the  image  is  thus  focussed.  But  as  the  object  is 
brought  nearer  and  nearer,  the  accommodation  is  more 
and  more  called  into  play.  As  a  result,  the  power  of 
accommodation  fails  before  the  object  reaches  the  near 
point  of  distinct  vision  for  the  normal  eye.  The 
punctum  proximum  is,  therefore,  farther  from  the 
eye  than  usual,  and  an  object  is  held  farther  from  the 
eye  than  usual,  hence  the  phrase  long  sight.  It  may 
be  that  the  focus  for  parallel  rays  falls  so  far  behind 
the  retina  that  the  utmost  convexity  of  the  lens,  the 
utmost  effort  of  accommodation,  will  not  biing  it  sufH- 
ciently  forwards  to  coincide  with  the  retina.  It  will 
be  therefore  impossible  to  get  a  distinct  image  with 
parallel  rays  at  all ;  and,  thus,  distant  objects  cannot 
be  properly  seen.  On  the  other  hand,  if  the  hypermi!- 
tropia  be  slight,  a  small  amount  of  accommodation  will 
correct  it,  and  the  person  may  consequently  be  unaware 
of  the  defect.  But  the  accommodation  is  never  at 
rest,  and  hence  a  feeling  of  strain  and  fatigue  of  the 
eyes  may  in  time  arise.  The  myopic  eye,  with  its 
shorter  focal  distance  is  able  to  see  objects  distinctly 
when  held  nearer  to  the  eye  than  usual,  the  punctum 
proximum  is  nearer,  and  hence  the  phi-ase  short  sight. 
In  myopia,  because  tlie  focus  for  parallel  rays  is  in 
front  of  the  retina,  they  cannot  be  focussed  on  the 
retma,  and  it  is  only  as  the  object  comes  nearer  tliat 
the  focal  point  passes  backwards,  and  at  last  coincides 
with  the  retina.  Tlie  punctum  remotum  for  a  short- 
sighted eye  is,  therefore,  not  infinity,  but  at  a  finite 
distance. 

The  cause  of  both  conditions  appears  to  be  not  a 
difference  in  the  refractive  power  of  the  media,  but, 
accordijig  to  Bonders,  a  difference  in  the  position  of  the 
retma.  In  other  words,  the  optic  axis  is  in  the  one 
case  shorter,  and  in  the  other  case  longer  than  usual. 
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The  knowledge  of  the  physics  of  these  conditions 
indicates  at  once  the  means  of  correcting  them.  It  is 
evident  that  parallel  rays  ought  to  focus  on  the 
retina.  In  the  forraer  condition  (hypertnetropia)  they 
come  to  a  focus  too  late,  i.e.  behind  the  retina,  in  the 
latter  case  (myopia)  too  soon,  i.e.  in  front  of  the  retina. 
Obviously  the  interposition  in  front  of  the  eye  of  a 
converging  lens  just  sufficient  to  bring  forward  the 
focus  to  the  retina,  or  of  a  diverging  lens  just  sufficient 
to  displace  the  focUs  backwards  to  the  retina,  will 
cure  the  conditions.  This  is  what  is  done  :  the  long- 
sighted person  gets  a  convex  lens  that  adds  to  the 
refraction  of  his  eyes,  and  focusses  parallel  rays  on  his 
retina;  and  the  short-sighted  person  gets  a  concave 
lens  that  diminishes  the  refractioto  of  his  eyes,  and  so 
focusses  the  image  on  the  retina. 

The  focal  distances  of  the  lenses  to  be  used  can  be 
calculated  by  a  formula. 

For  hypermetropia  the  formula  is 

1  _  1  1 

where  /  =  the  focal  distance  of  the  convex  glass 
desired,  D  is  the  distance  at  which  the  object  would  be 
held  for  distinct  vision  for  a  normal  eye,  and  d  the 
distance  at  which  it  is  held  for  the  long-sighted  eye. 
The  normal  distance  d  is  usually  taken  as  10  inches. 
Then 

^  =  1  —  L 
/~10  d- 

Suppose  the  person  requires  to  hold  small  type 
printing  he  is  desired  to  read,  at  30  inches,  d  =  30. 
Then 

1  _  1  _  J  _  2  _  1 
/       10       cO       30  15' 

15  inches  is  the  focal  length  of  the  desired  convex  lens. 
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For  the  myopic  eye  the  formula  becomes 


1 


1 

d 


1 

10' 


Suppose  the  person  reads  at  8  inches  distance.  Then 


1 

7 


10 


1 

40  ' 


40  is  the  focal  distance  of  the  desired  concave  lens. 

Astigmatism  is  an  anomaly  of  i-efraction  due  to 
an  asymmetrical  condition  of  the  refracting  media. 
Tlie  condition  is  such  that  the  focal  length  of  the 
different  meridians  of  the  refracting  media  are  different. 
The  result  of  this  is  that  rays  of  light  passing 
through  the  lens  or  system  of  lenses  are  not  brouglit 
to  a  focus  at  the  same 

point.     They  are  not  

liomocentric.  Consider, 
for  example,  the  hori- 
zontal and  the  vertical 
meridians,  and  sup- 
pose that  the  former 
has  a  less  curvature, 
i.e.  a  greater  focal 
length,  than  the  latter, 
tlien  rays  wliich  pass 
dian  will  reach  their  focus  before  rays  which  pass 
through  the  horizontal  meridian.  Hence  the  name 
iistigmatism,  a  not,  and  o-nVa  a  jjoint.  The  efToct  of 
such  differences  in  the  curvature  is  to  produce  diffusion 
images  of  a  particular  sort,  which  will  be  understood 
by  referring  to  Fig.  176. 

Let  ACD  be  a  curved  medium  on  which  pnrallel 
rays  of  light  fall.  Tliey  should  all  come  to  one  focus 
after  passing  through  the  medium.  But  let  the  verti- 
cal meridian  cad  have  a  greater  cur\  ature  than  tlie 


Fig.  176.— Astigmatism. 


through  the   vertical  meri- 
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horizontal  meridian  fae.  These  meridians  are 
represented  by  the  straight  lines  CD  and  fe  inter- 
secting one  another.  Now  the  rays  of  light  through 
the  vertical  meridian  will  come  to  a  focus  at  i,  and 
those  through  the  horizontal  meridian  will  come  to  a 
focus  at  5.  I  is  called  the  anterior  focal  point,  and 
5  the  posterior  focal  point,  and  the  interval 
between  them  is  the  focal  interval  of  Sturm.  The 
result  of  the  two  foci  is  that  between  i  and  5  a 
series  of  circles  of  diffusion  is  formed,  each  circle 
having  a  shape  dependent  upon  its  position.  To 
understand  the  formation  of  these  images  let  con- 
sideration be  limited  to  one  set  of  rays  passing 
horizontally,  represented  by  the  line  fe,  and  another 
set  passing  perpendicularly  to  them,  represented  by 
the  line  CD,  and  that  they  thus  intersect  one  another 
as  represented  by  the  figure  cfde.  Now  at  i 
the  vertical  rays  come  to  focus  at  a  point  while  there 
is  still  an  interval  f'e'  between  the  horizontal  rays. 
To  one  looking  from  the  front  straight  on  this  position 
the  intersection  of  the  rays  would  produce  a  Bgnre 
represented  in  the  diagram,  to  which  the  dotted  line 
from  I  points,  where  f  and  e  show  the  interval  between 
the  still  converging  rays,  and  c  and  D  show  the 
vertical  I'ays  having  reached  their  focal  point.  Ex- 
amine a  new  position  of  the  intersecting  rays  nearer 
5.  Here  the  vertical  rays,  having  met  in  their  focus, 
now  diverge,  still  in  their  vertical  plane;  but  they  have 
diverged  only  a  little  as  yet,  while  the  horizontal  rays 
have  approached  nearer  to  one  another  as  they  move 
to  their  focus.  That  is  represented  in  2,  where  c  and 
D  are  the  now  diverging  vertical  rays,  and  f  and  e  the 
still  converging  horizontal  I'ays,  and  the  ditfusion 
image  is  oval.  At  3  the  vertical  rajs  have  diverged 
still  more,  the  horizontal  have  converged,  and  a  circle 
is  the  diflusion  image.  At  4  is  represented  a  point 
still  nearer  to  the  focus  of  f  and  e,  and  wliere  the 
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divergence  of  c  and  d  is  now  considerable  ;  at  5  F  and 
E  have  reached  their  focus,  c  and  d  have  diverged  to 
the  extent  lm,  the  diffusion  image  being  a  line. 

Thomas  Young  was  the  discoverer  of  astigmatism 
having  observed  it  in  his  own  eye.    It  appears  that 
the  cornea  has  a  different  radius  of  curvature  in 
Its  several  meridians.    Generally  the  maximum  cur- 
vature IS  towards  the  vertical,  and  the  minimum 
towards    the   horizontal   meridian.     Indeed,    it  is 
asserted  that  few  eyes  are  absolutely  witlio'ut  this 
detect.    This,  one  can  test  for  himself  in  his  own  eyes 
by  testing  the  farthest  point  of  distinct  vision  for  fine 
vertical  lines,  and  the  farthest  point  for  distinct  vision 
ior  fine  horizontal  lines.    If  both  meridians  were  the 
same  m  curvature,  the  distances  ought  to  be  equal 
but  generally  the  distances  are  unequal.      If  two 
threads  intersecting  one  another,  the  one  vertical,  the 
other  horizontal,  are  not  seen  with  equal  distinctness 
at  the  same  time,  the  defect  is  present 

The  correction  for  astigmatism  is  secured 
li  a  lens  be  interposed  in  front  of  the  eye  which  shall 
either  add  to  the  curvature  of   the  meridian  with 
the  less  curvature,  or  diminish  the  curvature  of  the 
meridian  of  gi^ater  curvature,  so  that  both  meridians 
have  practically  the  same  curvature.      The  former 
procedure  is  that  usually  employed.    It  is  effected  by 
cy  mc  rical  glasses.     If  one   makes  a  section  of  a 
cylinder  m  a  plane  parallel  to  the  long  axis  of  the 
cylinder,  it  i,s  seen  that,  if  placed  vertically  in  tl  e 
vertical  meridian  the  anterior  and  posterior^  urfaces 
of   he  section  are  jwallel  to  one  another,  so  that  ray 
will  pass  through  that  meridian  and  issue  in  a  dir/c- 
tion  parallel  to  that  of  entrance,  i.e.  they  are  not 

parallel  faces  page  311.  On  the  other  halul,  in  the 
horizontal  meridian  the  surface  is  curved.  If  t  e 
oection  be  placed  with  long  axis  horizontal,  then  t l  o 
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coudition  is  reversed,  and  it  is  in  the  horizontal  meri- 
dian that  there  is  no  convergence. 

The  meiidian  of  less  curvature,  then,  is  found, 
and  the  diflerence  between  its  curvature  and  that  of 
the  greater  determined.  The  diflFerence  indicates 
the  focal  length  of  the  lens  required.  A  cylindrical 
lens  is  then  used  and  so  placed  that  its  convergence 
added  to  that  of  the  smaller  curvature  will  make 
the  focal  length  of  that  meridian  coincide  with  the 
other. 

The  astigmatism  that  has  been  described  is  regular 
astigmatism.  .  Irregular  astigmatism  consists  of  irregu- 
larities of  curvature  in  the  same  meridian. 

Atoen-atioiis  of  the  eye,  cluomatic  and 
splierical. — These  aberrations,  the  causes  of  which 
have  been  already  described  (chap,  xx^di.),  are  not  ab- 
sent altogether  from  the  eye,  but  their  connection  is  pro- 
vided for  in  very  remarkable  ways.    Spherical  aberra- 
tion is  met  by  the  power  of  the  ii-is  to  contract  and 
shut  off  outside  rays,  acting  precisely  as  the  diaphragm 
in  the  camera  obscura ;  the  refractive  power  of  the 
lens  is  less  at  the  circumference  than  at  the  centre  ; 
and  the  cornea  is,  owing  to  its  form,  less  refractive  at 
the  circumference  than  nearer  to  the  optic  axis; 
by  such  means,  therefore,  there  is  less  refraction  of  the 
outer  rays.    The  aberration  of  colour  is  slight.    1  et 
it  has  been  determined  that  the  foci  for  red  and  violet 
rays  do  not  absolutely  coincide  in  the  eye,  but  that 
there  is  an  interval  of  about  \  mm.    The  focus  for 
red  rays  is  farther  back  than  that  for  violet,  xhe 
power  of  accommodation  is,  therefore,  more  called  into 
play  for  red  than  for  violet  rays,  and  thus  red  ol.iects 
apiiear  nearer  to  the  eye  than  violet,  though  both  be  m 
the  same  plane.    Yet  the  amount  of  aberration  is  so 
small  that  it  is  usually  ignored.   Its  sma  Iness  is,  doubt- 
less due  to  the  ditterent  densities  of  the  lens,  already  re- 
ferred to,  and  to  the  different  curvatures  of  tlie  lens, 
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The  iris  also  aids 


the  one  compensating  for  the  other, 
in  diminishing  tlie  aberi-ation. 

The  ophtliaSmosiietei- — It  mav  be  well  before 
concluding  this  chapter  to  describe  briefly  the  principle 
on  which  this  instrument  is  constructed.  It  was 
de-idsed  by  Helmholtz  for  the  purpose  of  measuring 
the  size  of  the  images  reflected  from  the  surface  of  tlie 
cornea  or  lens.  Knowing  the  size  of  the  images  and 
the  distance  of  the  object  from  the  reflecting  surface, 
the  radius  of  curvature  of  the  surface  can  be  calcu- 
lated. 

The  ophthalmometer  consists  of  a  tube  in  which  are 
placed  one  above  another  two  similar  plates  of  glass 
with  parallel  faces.  The  glass  plates  revolve  on  a 
vertical  axis  common  to  both,  but,  on  turning  the 
screw,  the  plates  revolve  in  opposite  directions.  Vow 
we  have  seen  that  rays  of  light  falling  perpendicularly 
on  a  plate  with  parallel  faces  will 
pass  straight  through  without 
deviation.  If  the  rays  fall  ob- 
liquely tliey  will  undergo  deviation, 
but  will  issue  from  the  plate  in  a 
direction  parallel  to  that  in  which 
they  fell  upon  the  glass.  One  end  of 
the  tube  T  is  directed  towards  the 
object  to  be  observed,  and  in  the 
other  end  is  an  eye-piece  formed  of 
two  achromatic  lenses,  through 
wliich  the  observer  looks.  The' 
principle  of  the  instrument  is  illus- 
trated in  Fic?.  177.     In  the  figure 

rc|ircsoiits 


to  the  left"  hand,  a 
an  object  from  which 
reflected   to   the  ophtha 


rays   are  T'ig.  177.— Tim  Oph- 

 luomet.M-.  "-•'""■"^ter. 

feuppo.se  the  plates  not  to  have  been  revolved  and 
that  the  reflected  i-ays  fall  perpendicularly  upon 
tlie  plates,    they   will   pass  straight  through  in  the 
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direction  of  the  dotted  line  ao.  But  let  the  plates 
be  rotated,  the  rays  strike  the  plates  obliquely  and  are 
refracted.  Thus,  to  consider  only  one  plate,  the  ray 
AO  assumes  the  direction  ao',  and  is  displaced  to  the 
right  by  the  plate  n.  Similarly  the  plate  n  will  dis- 
place the  rays,  and  thus  another  image  would  be  seen  on 
the  left  side  of  0,  and  at  the  same  distance  from  it  as  0'. 
A  double  image  would  be  produced.  The  main  part 
of  the  figure  shows  an  object  ab  viewed  tlirough  the 
ophthalmometer.  By  rotating  the  plates  MN  QP,  ab  is 
seen  as  if  double,  and  if  the  two  images  just  touch  one 
another  then  the  distance  between  the  outer  edges  of 
the  double  images  is  equal  to  twice  the  size  of  ab. 
The  size  of  the  double  image  can  be  calculated  from 
the  angle  through  which  the  plates  have  been  turned 
to  make  the  images  stand  edge  to  edge.  Connected 
with  the  plates  there  is  a  circle  on  which  is  measured 
in  degrees  the  inclination  of  the  plates. 
The  formiila  is 


—  sin  ^on 

d—1e  sin  et  (1  7-T  )  \ 

■Jn^—  sm-a 


where  d  is  the  distance  between  the  outer  edges  of 
the  double  image,  e  is  the  thickness  of  the  plates,  n 
their  index  of  refraction,  and  a  the  angle  through 
which  the  plates  were  turned. 

A  simpler  method  of  using  the  ophthalmometer  is 
to  place  it  at  a  given  distance  from  a  scale  on  which 
are  marked  fractions  of  a  millimetre.  Turn  the  plates 
and  note  the  angle  corresponding  to  certain  distances 
on  the  scale.  In  this  way  a  table  may  be  constructed 
for  the  ophthalmometer,  giving  the  size  of  the  object 
for  a  definite  movement  of  the  plates  with  the  instru- 
ment at  the  fixed  distance  from  the  object. 

To  determine  the  size  of  the  images  reflected  from 
the  cornea,  a  person  is  seated  in  a  darkened  room,  at 


Chap.  XXX.  1        Double  REFRAcrioy. 


a  distance  of  10  feet  from  the  ophtlialmometer,  with 
his  eye  on  a  level  with  it.  In  front  of  the  ophthal- 
mometer is  a  rod  carrying  three  small  rectangular 
mirrors  by  means  of  which  three  images  are  thrown 
on  the  cornea  from  a  candle  flame  placed  on  one 
side  of  the  person  being  observed,  whose  eye  is 
screened  from  all  light  except  that  reflected  from  the 
mirrors.  On  looking  through  the  ophthalmometer 
three  images  (small  specks  of  light)  are  seen.  The 
plates  are  then  turned  till  the  images  are  doubled, 
when,  from  the  angle  through  which  the  plates  have 
been  turned,  the  distance  between  the  three  images 
is  ascertained.  If  the  size  of  object  and  image  °be 
kno^vl^,  and  the  distance  of  the  object  from  the  reflect- 
ing surface  be  also  known,  the  radius  of  curvature  of 
the  surface  may  be  calculated. 

For  the  radius  of  curvature  is  equal  to  twice  the 
focal  distance  of  the  reflecting  surface,  and  /  (the 
focal  distance)  =  p  -L^,  where  p  is  the  distance  from 

the  object,  o  the  size  of  the  object,  and  i  that  of  the 
image. 


CHAPTER  XXX. 

DOUBLE      REFRACTION,       POL.IRISATION,      AND  INTER- 
FERENCE OF  LIGHT. 

Double  refraction— If  a  crystal  of  Iceland 
spar,  whose  ordinary  form  is  rhombohedral,  be  i)laced 
on  a  piece  of  paper,  in  the  centre  of  wliich  a  black 
spot  has  been  marked,  on  looking  down  on  the  crystal 
two  black  dots  will  be  seen  ;  the  image  of  tlie  black 
dot  will  be  double.  If  now  the  crystal  be  rotated 
on  the  piece  of  paper,  one  dark  spot  will  be  seen  to 
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move  round  the  other  which  is  stationary.  This 
phenomenon  is  due  to  double  refraction,  and  was  dis- 
covered in  1669  by  the  Professor  of  Geometry  in 
Copenhagen,  Erasmus  Bartholinus.  The  explana- 
tion is  that  when  a  ray  of  light  enters  such  a  crystal 
it  is  split  up  into  two,  and  the  two  rays  travel  through 
the  crystal  with  dillerent  velocities.  One  ray  is 
retarded  more  than  another,  that  ray  is,  consequently, 
refracted  more  than  the  other,  and  when  tiie  rays 
issue  from  the  crystal  they  do  not  unite,  but  are  dis- 
placed from  one  anothei',  so  that  a  double  image  is  pro- 
duced .(Fig.  178).   One  ray  travels  through  the  crystal 

just  as  it  would 
do   through  a 
plate  of  glass, 
being  refracted 
in  the  ordinary 
way.  This  is  the 
ordinary  ray, 
and  is  the  ray 
which  gives  the 
stationary  image. 
The   other  ray, 
which  suffers 
the  smaller  degree  of  retardation,  is  called  the  extra- 
ordinary i-av,  and  is  the  ray  which  gives  the  movable 
image  when  the  crystal  is  I'otated.  To  this  ray  the  or- 
dinary laws  of  refraction  do  not  apply.    Both  rays  are 
of  equal  brilliancy.      An  explanation  of  the  different 
course    of  the   two  rays   is    offered  by  supposing 
that    doubly   refractive    crystals   are   not  equally 
elastic  in  all  directions,  and  consequently  vibrations 
in  different  directions  are  subject  to  differences  in 
retardation.    There  is,  however,  always  one  direction 
in  which  a  ray  of  light  will  be  transmitted  without 
double  refraction.    This  direction  is  that  of  the  optic 
axis  of  the  crystal.    Crystals  that  have  more  than 


Fig.  ]  78.— Iceland  Spar. 
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Nicol's  Prism. 
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one  optic  axis  have  a  corresponding  number  of  direc- 
tions in  which  a  ray  may  be  transmitted  singly.  The 
ordinary  form  of  Iceland  spar  consists  of  six  surfaces. 
Three  of  the  surfaces  meet  one  another  at  an  obtuse 
angle,  and  at  the  lower  opposite  angle  three  surfaces 
also  meet  at  an  obtuse  angle.  The  other  angles  of  the 
crystal  are  acute.  This  is  shown  in  diagram  in  Fig. 
179.  A  line  drawn  diagonally  through 

the  crystal  to  join  the  obtuse  angles  "  

is  the  axis  of  the  crystal  cd  in  the 
figure.  The  plane  of  the  axis  is 
called  a  principal  plane,  and  any 
plane  parallel  to  it  is  also  a  prin- 
cipal plane.  In  Fig.  179  cadb  is  -  „ 
the  plane  of  the  axis,  and  1  and  2  Fi.  i79.-Prinoipai 
are  other  pnncipal  planes.  It  is  seen  Plaues  and  Optic 
that  in  the  ordinary  form  of  the  fpi?.  °*  ^'^''""^ 
crystal  incident  rays  all  form  an  angle 
with  the  axis  in  whatever  position  the  crystal  lies.  If 
now  the  obtuse  angles  be  cut  off  by  a  plane  at  right 
angles  to  the  optic  axis,  the  new  surface  obtained  will 
be  at  right  angles  to  the  axis.  Rays  which  fall  per- 
jjendicularly  on  this  surface  will  be  parallel  to  the 
axis,  and  they  will  be  transmitted  through  the  crystal 
without  double  refraction,  sulyect  only,"  therefore,  to 
the  laws  of  simple  refraction.  Therefore  when  the 
plane  of  incidence  is  at  right  angles  to  the  optic  axis 
tliere  is  no  double  refraction. 

If  the  rays  are  made  to  fall  obliquely,  double 
refraction  appears,  and  is  the  more  pronounced  the 
greater  the  obliquity  of  the  rays. 

IVicol's  pi-ism  consists  of  a  rhombohedron  of 
Iceland  spar,  which  is  divided  into  two  by  a  section 
through  its  obtuse  angles.  The  cut  surfaces  are  care- 
fully polished  and  tiien  cemented  in  their  former 
position  witli  Canada  balsam,  which  has  an  index  of 
refraction  intermetliate  between  that  of  the  ordiuarv 
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and  extraordinary  rays.    Tlie  effect  of  this  prism  is 
shown  in  Fig.  180,  where  tlie  line  hcZh  is  the  line  in 
which  the  cut  was  made.    A  ray  of  light  ah  falling 
on  the  prism  undergoes  double  refraction  into  the 
extraordinary  ray  hd,  and  the  ordinary 
p   I        he.     The   extraordinary  ray   passes  on 
p'    through  the  Canada  balsam  junction,  and 
j^^    emerges  at  c  in  a  direction  parallel  to  the 
entering  ray  ah.    The  ordinary  ray  meets 
I       the  balsam  at  c  and  is  totally  reflected. 
J  Only  one  of  the  two  rays,  therefore,  tra- 

I      verses  the  prism.    This  ray  is,  however, 
I  ^      found  to  be  of  a  character  different  from 
^1  an   ordinary    beam    of  light.      If  two 

mioVs^Iri^  Nicol's  prisms  be  taken   and    the  one 
'  placed  in  a  line  with  the  other  so  that 

the  extraordinary  ray  which  passes  through  the 
first  is  able  to  enter  the  second,  it  would  be  expected 
that  the  ray  from  the  first  prism  would  undergo 
double  refraction  on  entering  the  second,  that  the 
ordinary  ray  would  be  totally  reflected  as  in  the  first, 
but  that  the  extraordinary  ray  would  pass  on  and  a 
circle  of  light  would  appear  on  looking  through  the 
second  Nicol.  In  one  position  of  the  prisms,  namely, 
when  they  are  in  such  a  position  that  their  prmcipal 
planes  are  parallel,  the  circle  of  light  is  seen,  and  at 
its  greatest  intensity.  If,  however,  one  of  the  prisms 
be  rotated  on  the  other,  the  circle  of  light  becomes 
less  brilliant,  and  as  the  rotation  is  continued  it 
becomes  more  and  more  dim,  till,  when  the  prism  has 
passed  through  a  right  angle,  the  ligiit  is  extinguished. 
If  the  rotation  be  carried  on  the  light  returns  slowly, 
till,  after  going  through  another  right  angle  the  light 
is  a  second  time  at  its  greatest  intensity ;  and,  if  one 
continues  turning,  the  light  will  again  disappear,  and 
again  be  restored.  In  two  positions  opposite  to  one 
another  the  light  is  most  ii\tense,  and  in  other  two 
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at  light  angles  to  the  former  it  is  extinguished.  The 
ray,  therefore,  which  exhibits  these  phenomena,  when 
examined  by  a  Nicol's  prism,  has  peculiar  characters. 
It  is  said  to  be  plane  jyolarised. 

Polarisation  of  light. — Ordinary    light,  ac- 
cording to  the  wave  theory,  is  due  to  vibrations 
occurring  transversely  to  the  direction  of  propaga- 
tion of  the  wave,  but  the  vibrations  take  place  in  all 
planes  across  the  direction  of  the  wave.    Light  is  said 
to  be  plane  polarised  when  the  vibrations  take  place 
nil  in  one  plane.   To  put  it  in  another  way.    The  par- 
ticles of  ether,  wliose  vibrations  produce  light,  all 
move  in  directions  transverse  to  the  direction  of 
propagation,  but  in  their  vibrations  they  may  de- 
scribe figures  of  various  forms,  straight  lines,  circles, 
etc.    When  light  is  polarised,  however,  the  particles 
of  ether  are  all  made  to  vibrate  in  the  -y-, 
same  direction,  e.g.  in  straight  lines  in 
the  same  plane.     In  Fig.  181  let  ba 
represent  a  ray  of  ordinary  light.  The 
velocity  of  a  body  along  the  line  ba 
may  be  decomposed  into  two  velocities 
at  right  angles,  one,  namely,  in  the 
direction    by,    the    velocity    in  that 
direction  being  represented  by  ba',  and  ^|ositio;''of°'"a 
the  other   in  the  direction  bx,    the  7^^™*'°° 
velocity   being    represented   by   bb  .     Angles  to  one 
Similarly  the  velocity  of  a  body  along  •™°"><='-- 
BC  may  be  considered  as  compounded  of  a  velocity 
Bc'  and  BD,  BC  being,  in  short,  the  resultant  of  the 
two  velocities.     So,  letting  ba  represent  a  ray  of 
ordinary  light,  it  may  be  considered  as  compounded 
of  vibrations  occurring  in  the  direction  By  and  b.t, 
with  different  velocities  represented  Ijy  ba'  and  bb'.' 
ba'    and    bb'   will    represent  polarised    rays.  An 
ordinary  ray  of  light  may  then  bo  decomposed  into 
two  rays  polarised  in  planes  at  right  angles  to  one 
a  a — 7 
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anothei-.  Thus  the  phenomena  witnessed  in  Iceland 
spar  are  due  to  the  light  being  polarised,  both  the 
extraordinary  and  the  ordinary  ray  being  polarised, 
the  one  at  right  angles  to  the  other. 

Simply  refractive  bodies  do  not  possess  the  pro- 
perties of  splitting  up  natural  light  in  this  way,  at 
least  to  the  same  extent.  They  are  called  isotropous, 
while  doubly  refractive  bodies  are  called  anisotropous. 

It  is  to  be  noticed  that  in  the  polarised  ray  which 
emerges  from  a  Nicol's  prism  there  is  nothing  to  render 
its  peculiar  condition  appreciable  by  the  unaided  eye  ; 
but  as  soon  as  the  eye  is  aided  by  a  second  Nicol  s 
prism,  the  condition  is  recognised  by  the  fact  that  on 
rotating  the  prism  the  beam  of  light  from  the  first 
prism  is  extinguished,  and  reappears  on  contmumg 
the  rotation.    The  condition  produced  by  the  first 
prism  is  only  recognisable  by  the  aid  of  a  second  or  a 
similar  doubly  refractive  body.    The  second  is  there- 
fore called  the  analyser,  while  the  first  is  called  tlie 
polariser.    The  explanation  of  the  alternate  darkness 
and  light  produced  by  rotation  of  one   prism  on 
another  is,  that  the  ray  wliich  emerges  from  the  farst 
prism  will  be  transmitted  by  the  other  so  long  as  the 
principal  planes  of  the  two  prisms  are  parallel,  and 
will  not  be  transmitted  at  all  when  the  planes  are  at 
right  angles  to  one  another.    In  two  positions  the 
planes  are  parallel,  and  in  two  at  right  angles,  bup- 
pose  they  are  parallel  at  first,  the  light  is  bright ;  on 
Rotating  one  through  an  angle  of  90°  they  are  at  right 
angles  and  the  ray  is  extinguished.    If  the  rotation 
be  carried  on  to  180°  the  planes  are  agam  parallel 
and  a-ain  the  light  is  bright ;  but  on  passing  through 
another  90°  they  are  again  at  right  angles  and  the 
lioht  is  again  extinguished.    A  f nrther  quarter  turn 
brin-s  the  prisms  back  to  their  ongnial  parallel  con- 
pition.    With  many  other  crystals  similai-  phenomena 
may  be  exhibited. 
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With  the  plates  of  the  crystal  toukmalin,  cut 
parallel  to  the  optic  axis,  polarisation  may  be  shown. 
When  the  plates  are  laid  on  one  another,  so  that  the 
axes  are  parallel,  the  light  is  transmitted.  When  one 
is  rotated  the  light  becomes  more  and  more  dim,  till 
when  they  are  ci-ossed  it  is  extinguished.  If  the 
rotation  be  continued  till  they  are  again  parallel,  the 


Fig.  182.— Tourmalin  PJates. 


light  is  again  transmitted  (Fig.  182).  The  tourmalin 
plates,  if  sufficiently  thick,  completely  extinguish  the 
ordinary  ray. 

Polari<<)ation  by  reflection  of  light  was  dis- 
covered by  Mains  in  1810.  An  apparatus  for  pro- 
ducing it  is  shown  in  Fig.  183.  When  a  ray  of  light 
falls  on  an  unsilvered  polished  surface  of  glass,  placed 
at  a  particular  angle  to  the  incident  ray,  the  reflected 
ray  is  polarised.  This  may  be  shown  by  jDermitting 
the  ray  to  fall  on  a  prism  of  Iceland  spar,  when  the 
phenomena  already  described  will  be  produced.  It  is 
also  sliown  by  receiving  the  reflected  ray  on  a  second 
reflecting  surface  placed  at  the  same  angle  as  the 
former.  If  the  surfaces  are  parallel  the  light  from 
tlie  second  surface  will  be  perceived  by  an  eye 
placed  in  the  direction  of  tlie  reflected  ray.  If  the 
second  surface  be  now  turned  the  intensity  of  the 
light  diminishes,  till  when  the  two  surfaces  are  at 
right  angles  it  is  extinguished,  but  is  again  reflected 
on  turning  till  the  surfaces  are  again  parallel.  Tho 
Fig.  183  shows  the  two  reflecting  surfaces  a  and  B, 
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the  ray  reflected  from  a  being  received  by  B.  B  is 
capable  of  rotation  on  cc.  In  the  position  shown  on 
the  right-hand  side  of  the  figure  the  ray  will  be  re- 
flected by  B ;  in  the  position  of  the  left-hand  figure  it 


will  be  extinguished. 


Fig.  183.— Apparatus  for  Polarisation  by  Eefleotion. 

The  angle  which  the  incident  ray  must  make  with 
the  normal  to  the  reflecting  surface  in  order  to  be 
completely  polarised,  is  the  angle  of  polarisatiok. 
For  dass  the  an£jle  is  54°  35',  for  water,  52  45  ,  for 
quartz  57°  32',  "and  for  diamonds  68°.  The  PLA^'E 
OP  polarisation  is  the  plane  in  which  the  light  be- 
comes polarised. 

Ooubly  vefractive  substances  may  t»e 
detected  by  means  of  a  polarising  apparatus.  Let 
two  Nicol  prisms  be  placed  in  line  with  their 
principal  planes  at  right  angles  to  one  another,  the 
extraordinary  ray,  transmitted  by  the  first  prism,  will 
not  be  transmitted  by  the  second,  because  it  is  at 
n>ht  angles;  no  light  will,  therefore,  be  visib  e  on 
looking  through  the  second  prism.     In  tins  condition 
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of  aflaii's  mterpose  a  plate  of  a  doubly  refractivo 
substance,  for  example,  a  plate  of  Iceland  spar,  and 
let  its  principal  plane  be  parallel  to  the  first  prism. 
The  ray  from  the  nrst  prism  will  be  transmitted 
unaffected  by  the  plate,  since  their  principal  planes  are 
parallel,  but  will  be  extinguished  by  the  second  Nicol 
since  their  planes  are  at  right  angles.    Suppose  next 
that  the  plate  is  parallel  to  the  second  Nicol,  that  is, 
is  at  right  angles  to  the  first  Nicol.    The  plate,  being 
in  its  ordinary  crystalline  form,   will  transmit  an 
ordinary  and  an  extraordinary  ray,  i.e.   two  rays 
polarised  at  right  angles  to  one  anotlier.    The  ray, 
then,  emerging  from  the  first  Nicol  will  not  be  ex- 
tinguished by  the  plate  because  it  can  transmit  rays 
at  right  angles,  but  the  second  Nicol  will  extinguish 
the  ray  because  it  can  transmit  rays  only  if  vibrating 
in  its  one  plane,  and  not  at  right  angles.    But  now 
suppose  the  two  Nicols  still  crossed,  but  the  plate 
interposed  between  them  no  longer  parallel  to  either, 
but  with  its  principal  plane  forming  an  angle  with 
both,  the  light  will  now  be  transmitted  through  both 
Nicols.    In  short,  if  a  plate  of  duulily  rel'ractive 
material  be  interposed  between  the  two  crossed  Nicols 
in  any  position  other  than  one  in  which  its  principal 
plane  coincides  with  that  of  either  of  the  Nicols,  light 
will  be  enabled  to  pass  through  both  Nicols.     In  other 
words,  if  between   two  crolised  Nicols,  which  con- 
sequently appear  dark,  a  ■  substance  be  interposed 
which  makes  tlie  darkness  give  place  to  illumination, 
however  feeble,  that  substance  is  doubly  refractive. 
Hence  there  is  supplied  by  a  polarising  apparatus  a 
test  for  discovering  doubly  refractive  substances. 

How  the  doubly  refractive  plate  can  illuminate  the 
crossed  Nicols,  if  forming  an  angle  with  both,  may 
be  briefly  indicated.  Let  nn"  (Fig.  184)  represent 
the  principal  plane  of  the  first  Nicol,  and  nV''  the 
pnncipal  plane  of  the  second.    Tiicy  are  at  riglit 
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angles  to  one  another  because  the  Nicols  are  crossed, 
and,  consequently,  the  ray  transmitted  by  the  first 
will  be  extinguished  by  the  second.  Let  vt  vt 
represent  the  principal  plane  of  the  doubly  refractive 

plate.  The  extraordinary 
ray  transmitted  by  tlie  first 
Nicol  vibrates  parallel 
to  the  plane  nn',  and,  since 
it  falls  obliquely  on  the 
plate,  it  is  split  into  two 
i-ays,  an  extraordinary  and 
an  ordinary  at  right  angles 
to  one  another,  i.e.  one 
vibrating  in  the  plane  vt, 
Fig.  184.— Polarisation  of  Light,  and  another  ill  the  plane  -pC. 

These  two  rays  meet  the 
second  Nicol,  but  it  can  only  transmit  vibrations 
in  the  plane  nI  The  vibrations  in  p<  can,  however, 
be  resolved  into  a  vibration  in  n'  and  a  vibration  in 
N-  (see  page  401)  ;  the  former  is  extinguished,  the  latter 
transmitted.  Similarly  the  vibration  in  vf  can  be 
resolved  into  a  vibration  in  n'  and  a  vibration  in 
the  former  being  extinguished,  and  the  latter 
transmitted.  Thus  by  the  jjosition  of  the  doubly- 
refractive  plate  the  crossed  Nicols  become  illumi- 
nated, the  illumination  being  due  to  two  sub-rays,  one 
a  sub-ray  of  the  vibration  in  vt,  and  the  other  a  sub-ray 
of  the  vibration  in  vf,  which  have  been  made  to 
vibrate  in  nI 

Interference.— Another  phenomenon  makes  its 
appearance  when  the  arrangement  of  two  Nicols  and 
an  interposed  refractive  plate  is  used,  as  just  described, 
a  phenomenon  not  visible  with  a  thick  plate  of 
Iceland  spar,  but  seen  when  a  very  thin  plate  is  used 
or  a  thin  lamina  of  seleiiite  (crystallised  gypsum).  It 
consi-sts  in  the  appearance  of  colours  varying  accord- 
ina  to  the  position  of  the  Nicols.    They  are  brightest 
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when  the  first  Nicol  and  the  phite  have  their 
principal  planes  at  an  angle  of  45°  to  one  another. 
If  with  this  position  of  the  i:)late  the  second  Nicol  be 
rotated  till  the  two  Nicols  stand  at  an  angle  of  45°  to 
one  another,  the  colour  disappears  and  the  light 
becomes  white.  When  the  Nicols  are  parallel, 
another  colour  is  produced  complementary  to  the 
former.  Thus,  with  the  plate  of  selenite  in  the  first 
position  described,  the  Nicols  being  ci'ossed  the  colour 
is  red,  and  with  the  Nicols  parallel  the  colour  is 
green.  The  colours  are  due  to  what  is  called 
interference.  Suppose  two  waves  on  the  surface  of 
water,  if  the  crest  of  one  coincides  with  the  crest  of 
the  otlier,  the  height  of  the  united  wave  will  be 
doubled.  In  such  a  case  both  vibrations  would  be  in 
the  same  phase,  the  vibrations  of  each  wave  would  be 
proceeding  in  the  same  direction,  and  would  be  in  the 
same  position  at  the  same  time.  Suppose,  however, 
the  cre.st  of  one  wave  coincided  with  the  hollow  of 
another  wave,  then  a  particle  which  would  be  at  its 
extreme  displacement  ahove  the  line  of  rest  for  the 
crest  of  one  wave  would  be  at  its  extreme  displace- 
ment helow  its  line  of  rest  for  the  hollow  of  the  other 
wave.  That  is  to  say,  the  waves  being  similar,  the 
particle  would  be  at  the  same  moment  under  the 
influence  of  two  equal  and  opposite  forces,  and  would, 
therefore,  remain  at  rest.  This  is  the  phenomenon  of 
interference.  If,  however,  the  crest  of  one  wave  did 
not  absolutely  coincide  with  the  hollow  of  another, 
then  the  particle  having  received  an  impulse  to 
vibrate  in  one  direction,  would  have  already  started 
in  that  direction  before  it  received  the  impulse  in  the 
opposite  direction.  Its  motion  would  still  be  inter- 
fered with  but  not  completely  arrested.  The  distance 
between  the  crest  and  the  hollow  of  a  wave  is  a  half 
wave  length.  Thus,  we  see  that  when  two  waves 
dill'er  by  half  a  wave  length,  they  extinguish  one 
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another.  Now,  with  the  plate  of  selenite  as 
described,  we  have  seen  that  the  light  passes  through 
the  crossed  Nicols  because  it  is  decom])osed  into  two 
vibrations  at  right  angles  to  one  another,  the  ordinary 
and  extraordinary  ray.  We  have  seen,  also,  that  the 
illumination  is  due  to  two  sub-rays,  one  of  vt  (Fig. 
184),  and  another  of  vV,  which  have  been  made  to 
vibrate  in  the  same  plane,  one  being  a  siib-ray  of  the 
ordinary  and  the  other  of  the  extraordinary  ray.  But 
though  the  sub-rays  vibrate  in  the  same  plane  they  are 
of  ditferent  velocities,  because  of  the  difference  between 
the  retardation  experienced  by  the  ordinary  and  extra- 
ordinary ray  in  passing  through  the  doubly  refractive 
plate.  Hence  the  phases  of  the  two  vibrations  do  not 
coincide,  and  thus  they  exhibit  the  phenomena  of 
interference.  This  implies  the  extinction  of  certain 
rays  of  the  white  light,  and  the  light  that  is  seen 
through  the  second  Xicol  will  be  white  light  less  the 
extinguished  rays.  The  interference  affects  different 
rays  of  white  light  accorduig  to  the  position  of  the 
Nicol's  prisms,  but  the  rays  that  are  extinguished  and 
the  rays  that  are  transmitted  will  together  form  white 
light,  and  are  thus  complementary  to  one  another. 

Coloured  rings,  due  to  interference,  are  observed 
when  a  thin  film  of  transparent  material  separates 
two  media  with  refractive  index  different  from  its 
own.  Thus  the  colours  of  a  soap  bubble  are  due  to 
interference  by  the  reflections  from  the  surfaces  of  the 
film  in  contact  with  air  on  each  side.  These  rings  of 
colours  are  called  Newton's  rings,  because  Ne^vton 
first  studied  them  carefully. 

The  polai-iscopc  iu  pliysiolofry. — "  When 
muscular  fibres  are  examined  with  a  microscope,  to 
which  a  polarising  apparatus  is  attached,  remarkable 
and  instructive  phenomena  are  observed.  If  the  field 
be  darkened  by  crossing  the  planes  of  polarisation  of 
the.  Nicol's  prisms,  those  fibres  only  disappear  v>'hich 
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lie  parallel  to  the  plane  of  polarisation  of  one  or  other 
of  the  prisms;  the  rest,  which  cut  those  planes  at 
various  angles  between  0°  and  90°,  appear  of  a  grey 
colour  upon  a  black  ground,  the  most  distmct  being 
those  which  cut  them  at  an  angle  of  458.     In  those 
parts  where  the  muscular  fibres  running  parallel  with 
one  another  are  arranged  in  several  layers,  the  colour 
assumes  a  whitish  tint,  passing  into  yellow.    The  tint 
varies  with  the  thickness  of  the  layers,  precisely  as 
the  succession  of  colours  in  Newton's  rings,  from  the 
centre  towards  the  circumference.     If  one  of  the 
Nicol's  prisms  be  turned  to  the  extent  of  90°,  so  that 
the  field  becomes  clear  and  attains  its  maximum 
brightness,  the  complementary  tints  make  their  ap- 
pearance.   These  phenomena,  with  others  .  .  .  .,  are 
equally    apparent    when    the    muscular    fibres'  are 
thoroughly  impregnated   with,  and  surrounded  by 
strongly  refracting  fluids,  as  glycerine,  turpentine,' 
and  Canada  balsam.    This  is  essentially  owing  to  the 
circumstance  that  the  muscle  substance  is  doubly 
retractile,  two  systems  of  undulations  propa^atinl^ 
themselves  according  to  difibrent  laws,  and  interfering 
with  one  another.  ° 

"  This  explanation  had  already  been  given  in  1 839 
by  Professor  C.  Eoeck,  of  Christiania,  who  was  the 
first  that  applied  the  polarising  microscope  to  the 
investigation  of  animal  and  vegetable  tissues  ;  and  no 
other  intelligible  explanation  of  the  phenomena  ob- 
served has,  since  that  period,  been  advanced. 
.r.f        ,         question  to  determine  is,  whether  the 
entire  substance  of  the  mu.scular  fibres  possesses  an 
equa    power  of  double  refraction,  or  whether  ?t  "s 
possible  to  distinguish  doubly  refracting  from  isotropal 
parts.    If  sutliciently  high   magnifying  powers  are 
employed,  and  the  observations  be  male  on  anima b 
ich  iiave  Uu-ge  sarcous  elements,  amongst  whicli 
ou.  large  water  beetle,  the  HydrophUus  picous,  is  the 
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best,  it  will  be  immediately  seen  tbat  only  the  sarcous 
elements  are  doubly  refracting,  and  that  the  inter- 
vening material  which  separates  them  from  one 
another  is  isotropal ;  for  it  remains  dark  in  the  dai-k 
field  of  the  crossed  Nicol's  prisms,  in  whatever 
azimuth  the  muscular  fibre  to  which  it  forms  a  part 
may  be  placed.  It  is  just  as  dark  in  those  muscular 
fibres  which  form  an  angle  of  45°  with  the  polarising 
planes  of  the  prisms,  as  in  those  which  make  an  angle 
of  0"  or  of  90°  with  those  planes."* 

Professor  Briicke's  explanation  of  the  behaviour  of 
muscular  fibres  in  polarised  light  has  been  quoted, 
because  he  is  the  greatest  living  authority  on  the 
subject.    With  the  aid  of  what  has  been  said  on 
polarisation  and  double  refraction,  it  will  be  quite 
easily  understood.    Polarising  apparatus  is  made  to 
tit  the    ordinary   microscope.    It   consists    of  two 
Nicol's  prisms,  each  mounted  in  a  short  tube.  One 
(the  polariser)  is  fitted  under  the  stage  so  that  the 
liaht  from  the  mirror  passes  through  it  before  reach- 
ing the  object  on  the  stage.    The  other  prism  (the 
analyser)  is  fitted  in  a  tube  simdar  to  that  of  the 
ordinary  eye-piece,  and  is  put  in  place  of  the  ordmary 
eye-piece  when  the  polarising  apparatus  is  in  use. 
This  form  of  analyser,  however,  dimmishes  the  held, 
which  is  an  objection.    Other  forms  of  analysers  are 
made,  e.g.  Abbe's,  consisting  of  an  ordmary  Huyghens 
eye-piece  with  a  doubly  refractive  prism  between 
arranged  in  such  a  way  that  one  of  the  two  refracted 
rays  is  so  strongly  refracted  as  to  be  intercepted  by  a 
diaphragm  placed  above  the  eye-glass. 

Rotation  of  plane  of  polarisation— We 
have  seen  that  a  plate  of  Iceland  spar  interposed 
between  two  crossed  Nicol's  prisms  will  cause  illumi- 
nation of  the  field,  provided  the  principal  plane  ot  the 

♦  E.  Brucke  in  Strieker's  "Human  and  Comparative  Histology. " 
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doubly  refractive  plate  is  not  parallel  to  either  of  the 
prisms.    If  a  plate  of  quartz  (rock-crystal)  be  substi- 
tuted for  Iceland  s])ar,  the  light  will  not  be  extin- 
guished in  any  position  of  the  prisms,  but  will  pass 
through  various  colours  from  red  to  orange,  yellow, 
etc.,  to  violet  as  the  rotation  is  continued.    It  appears 
that  the  colours  are  due  to  the  extinction  of  some 
particular  rays  of  white  light.     Thus,  in  one  position 
of  the  rotating  prism  red  is  extinguished ;  as  the  prism 
IS  farther  rotated  it  is  the  orange  rays  that  are  not 
transmitted,  and  so  on,  the  colour  visible  in  the  field 
being  due  to  the  remaining  rays  of  white  light  trans- 
mitted.     For  the  extinction  of  the  red  rays  the 
Nicol's  prism  must  be  turned  60°  out  of  the  crossed 
position,  in  which  position  the  red  rays  must  be 
vibrating  at  right  angles  to  the  principal  plane  of  the 
pnsm_  (for  this  is  necessary  for  their  extinction). 
That  is  to  say,  before  the  quartz  plate  was  introduced 
the  second  prism  required  to  be  placed  at  right  angles 
to  the  first  in  order  to  extinguish  the  rays  from'the 
first,  but  after  the  quartz  plate  is  interposed  it  re- 
qun-es  to  be  turned  through  60°  to  meet  the  polarised 
ray  at  riglit  angles,  and  thus  to  extinguish  it.  Conse- 
quently the  quartz  has  rotated  the  plane  of  polarisa- 
tion to  this  extent.     It  also  appears  that  the  rotation 
IS  different  for  the  different  colours  of  the  spectrum,  so 
that  the  white  light  is  dispersed,  and  thus  on  'rotating 
the  prism  fartlier  one  colour  after  another  is  extin- 
guislied.    Tliere  are  two  kinds  of  quartz,  one  of  which 
rotates  the  plane  to  tlie  right,  another  to  the  left 
I  he  rotation  of  the  plane  of  polarisation  by  the  quartz 
plate  is  due  to  circular  polarisation.    The  ray 
on  entering  the  quartz  plate  is  broken  up  into  two 
rays,  not  polai-ised  at  right  angles,  as  in  the  case  of 
Iceland   spar,   but  polarised  circularly,  that  is  tlie 
vibrations  are  not  rpctilinear,  do  not  de.scribe  st,-aial,t 
lines,  as  in  plane  polarised  light,  but  describe  circfes 
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the  vibrations  of  each  ray  being  all  in  the  same  direc- 
tions.   The  two  rays  into  which  the  quartz  plate 
splits  the  ray  which  enters  it  are  polarised  circularly, 
but  in  opposite  directions,  one  right-handed,  the  other 
left-handed.    These  rays  travel  through  the  quartz 
plate  with  unequal  velocities.    They  unite  on  issuing 
from  the  quartz  plate.    That  is  to  say,  the  ether  at 
the  surface  of  the  quartz  plate  receives  an  impulse  to 
vibrate  in  the  direction  of  the  first  circularly  polarised 
ray  which  reaches  it,  the  ray  which  travels  through 
the  plate  with  greatest  velocity ;  and  it  has  just 
begun  to  vibrate  in  that  direction  when  the  retarded 
ray  reaches  it  and  gives  it  an  impulse  to  vibrate  m 
the  opposite  direction.    The  result  of  the  impulse  to 
vibrate  in  the  direction  of  two  opposite  circularly- 
polarised  rays  is  a  plane  polarised  ray,  but  with  the 
plane  rotated  to  right  or  left,  according  as  the  riglit 
circularly-polarised  ray,  or  the  left,  proceeded  through 
the  quartz  with  the  greater  velocity. 

Besides  quartz  various  other  substances  rotate 
the  plane  of  polarisation,  some  to  the  right,  others  to 
the  left.  Thus,  crystals  of  chlorate,  bromate  and 
iodate  of  sodium,  of  sulphate  of  strychnine,  crystalbsed 
with  thirteen  equivalents  of  water,  and  of  other  sub- 
stances, rotate  the  plane  of  polarisation.  Essences  of 
turpentine,  lemon,  lavender,  peppermint,  rosemary, 
aniseed, 'fennel,  caraway,  etc.,  also  possess  a  smalar 
property.  Of  these,  essence  of  turpentine,  anise^ed, 
and  peppermint  rotate  to  the  left,  the  others  to  the 

Solution  of  cane  sugar  rotates  the  plane  to  the 
right,  through  an  angle  of  33^  64'  if  the  solution 
contain  50  per  cent,  sugar.  .     ,  . 

The  following  table  gives  a  number  of  substances 
which  in  solution  exercise  a  rotatory  power,  the 
amount  of  which  is  stated  in  degrees,  right  or  lett 
being  indicated  by  the  +  or  -  sign  : 


Chap.' XXX.) 


The  Saccharimeter. 


413 


Sucrose 
Glucose  . 
Lactose  .  . 
Galactose 
Dextrine . 
Glycocholic  acid 
Cholic  acid 


Dextro-eotatory 


+ 

+ 
+ 
+ 
+ 
+ 
+ 


Taurocholate  of  sodium  (dissolved  in  alcohol)  + 

Ly-EVO-ROTATORY. 

Levulose        .       .       .  _ 
Albumen  (egg-,  in  watery  solution) 
Albumen  (serum)  . 
Gelatine  ..... 
Chondrin  I  all^aline  solution  . 

(  with  great  excess  of  alkali 


73-84° 

§6-00° 
59-30° 
82-20° 
18-00° 
29-00° 
35.00° 
24-50° 


106-00° 
35-50° 
56-00° 
130-00° 
213-50° 
652-00° 


The  measurements  are  all  for  rotatory  po-wer  with 
yellow  light. 

Inosite  (muscle  sugar)  is  inactive,  does  not  ai3>ct 
polarised  light. 

A  six  per  cent,  solution  of  quinine  in  alcohol  aives 
a  rotation  of  30°  to  the  left.  ° 

This  rotatory  action  has  been  taken  advantage  of 
to  determine  the  strength  of  solutions  of  sugar^and 
an  mstrument,  the  saccharimeter,  has  been  constructed 
lor  the  purpose. 

The  saccharimeter  is  shown  in  Fio-  185  Ifc 
con.sLsts  of  two  Mcol's  prisms  a  and  h,  between  which 
i«  placed  a  tube  co,  filled  with  the  sugar  solution, 
^uppose  the  tube  to  be  removed,  and  the  Nicols  to 
be  crossed,  the  field  will  be  dark.  If  the  tube  con- 
taining the  sugar  solution  be  now  inserted,  the  field 
Jill  be  Illuminated.  If  the  Nicol's  prism  that  acts 
ms  analyser  be  now  rotated,  the  field  will  be  again 
darkened  and  the  angle  thi^ugh  which  the  pLm 
must  be  turned  for  tins  purpose  gives-  the  rotatorv 
power  of  the  liquid.  The\o/ation\s  efrocte.n w  S 
«crew  d,  and  its  amount  read  oif  on  the  scale  e. 
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The  amount  of  rotation  is  dependent  upon  the 
length  of  the  column  of  liquid,  and  the  amount  of  the 
substance  in  solution.  In  a  tube,  20  centim^res 
long,  the  rotation  is  1-333°  for  every  gramme  ot 


I'ig.  185.— The  Saccharimeter. 


sucrar  in  100  cubic  centimetres.    Thus,  by  the  amount 
of  the  rotation  can  be  determined  the  strength  of  the 
solution.    To  make  the  determination  more  exact, 
between  c  and  h  there   is    interposed    the  doub  e 
quartz  plate  of  Soleil.    It  consists  of  a  plate  f  ^^^^^^ 
Rotating  to  the  right,  cemented  to  a  plate  rotating  to 
the  lefS  each  cut  perpendicular  to  the  axis  and  of  the 
same  thickness  (3-75  mm.).    The  eiTect  of  this  p  ate 
is  that  with  the  Nicol's  prisms  m  a  particular  position 
(p'arallel),  a  circle  of  light  will       f      f  °^ 
colour  (a  violet  tint),  temte  sensible     If  now  the 
Xne  of  polarisation  be  turned  the  field  will  change 
Fn  colour,  one  half  changing  to  the  red  end  and 
tL  other  towards  the  violet  end  of  the  spectrum, 
because  the  two  halves  of  the  quartz  are  opposite.. 
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The  feeblest  rotation  will  thus  be  exhibited,  and  the 
extent  to  which  the  analyser  must   be  turned  to 
restore  the  former  tint,  indicates  the  extent  of  the 
rotation.    If,  then,  the  original  tint  has  been  obtained, 
the  tube  containing  the  solution  to  be  examined  is  put 
in  its  place,  when  the  slightest  change  in  the  colour 
indicates    a   rotation    of   the    plane.      In  Soleil's 
saccharimeter  the  amount  of  rotation  is  estimated 
not  by  turning  the  analyser,  but  by  a  compensating 
arrangement  placed  between  the  solution  tube  and  the 
analyser.    The  compensator  consists  of  a  single  quartz 
plate  rotating  to  the  right,  and  then  of  a  quartz  plate 
rotating  to  the  left.    The  latter  is,  however,  made  of 
two  wedges,  sliding  on  one  another,  the  sharp  end  of 
one  being  over  the  blunt  end  of  the  other.    By  a 
screw  the  wedges  may  be  moved  from  one  another, 
the  practical  effect  of    which  is  to    diminish  the 
thickness  of  the  quartz  plate  which  they  compose,  or 
they  may  be  moved  towards    one    another,  which 
increases  the  thickness  of  the  plate.    Thus,  if  the 
solution  of  sugar  has  rotated  the  plane  of  polarisation 
to  the  right,  by  turning  the  screw  a  suffi(;ient  thick- 
ness of   the  quartz  plate  rotating   to  the    left  is 
interposed  to  compensate  for  the  rotation  to  the  xi^Yvt 
of  the  sugar.    The  thickness  of  the    quartz  j^late 
interposed  is  read  off  on  a  scale,  and  the  rotation  of  a 
quartz  plate  of  a  definite  thickness  being  known,  the 
measure  of  the  rotation  effected  by  the  sugar  solution 
IS  determined. 

Use  of  the  sacchaiinicter  in  medicine.— 
The  instrument  may  be  used  for  estimating  the 
amount  of  sugar  present  in  diabetic  urine.  The 
urme  is  first  clarified  by  heating  with  acetate  of  lead 
and  then  filtered.  The  field  of  the  saccharimeter 
being  all  of  the  same  colour,  the  tube  filled  witli  the 
diabetic  urine  is  put  in  its  place,  wlien  the  two  sides  of 
the  field  will  at  once  appear  of  a  difierent  colour  bv 
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the  rotation  diie  to  the  Kugar.  Tlie  screw  of  the 
compensator  is  now  turned  till  the  uniform  hue  is 
restored,  and  the  extent  to  which  the  compensator  has 
been  moved  is  read  off  on  the  scale.  It  has  been 
found  that  with  Soleil's  instrument  a  displacement  of 
100  divisions  of  the  scale  is  effected  by  a  solution  of 
sugar  containing  225  -6  grains  of  sugar  in  a  litre.  Each 
division  of  the  scale,  therefore,  represents  2-256 
grains  of  sugar.  Suppose  10  divisions  are  indicated  on 
the  scale  when  the  original  tint  of  the  field  is  restored, 
then  10  X  2-256  =  the  quantity  in  grains  of  sugar 
l)resent  in  1  litre  of  the  urine. 

To  put  it  generally,  to  determine  x,  the  amount  in 
gi-ammes  of  the  substance  in  1  cc.  of  the  solution 
employed,  one  requires  to  know  r  the  rotatory  power 
of  the  substance,  I  the  length  in  decimetres  of  the 
column  of  solution  in  the  tube,  and  a  the  angle 
of  rotation.  Then 
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SOUND. 
CHAPTER  XXXI. 

SOUND  :  ITS  NATURE,   KEFLECTION,   AND  REFRACTION. 

The  natitre  of  sound—Like  light,  sound  is 
also  considered  a  mode  of  motion,  as  due  to  vibrations 
iiut,  whereas  the  vibrations  of  the  luminiferons  ether 
are  regarded  as  transverse,  the  vibrations  of  thesound- 
conductmg  medium  are  regarded  as  longitudinal  to 
the   direction   of   propagation  of   the  sound.  The 
movements  are  still  to  and  fro  movements,  no  lon-er 
across,  but  in  the  line    of   the    advancing  '  souSd 
Suppose  a  series  of  particles  in  line  with  one  another' 
and  at  rest  and  let  a  shock  be  communicated  to  the 
trst   of   the    series.     Under    the  influence  of  the 
impulse  It  moves  along  the  line,  and  pushes  against 

mi  se    T?.  communicates  the 

pulse     After  Its  impact  with  the  second  particle,  it 

lis  t  T  r         *°  P°^i^-"'  -mpleting 

Its  to  and  fro  movement.     It  has,  moreover,  handed 

f,'  "n.  "^^'^'^  tl^e  third  particle 

0  i  own?"?-  "1^  "'"^  also  recoils  and^-eturns 
the tr    T  t"™'  conunuuicated 

the  motion  to  a  succeeding  particle.    So  the  process 

mo"enTe'n:iV"-'"^'^,  ^  *° 

mo^ement,  the  impulse  nevertheless   being  carried 

from  one  end  to  the  otlier  of  the  series.    It  mus  no 
however,  ^be^  supposed  that  the  medium  irtS 
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sound  is  propagated  can  be  represented  as  composed 
of  particles  so  separated  from  one  another  that  one 
may  move  without  affecting  another.    Between  all 
the  particles  of  the  air  there  is  a  certain  elastic 
force,  owing   to  which  one  particle   cannot  move 
•without  affecting  the  others,  because  of  the  changes 
produced  in  the  elastic  force.    Thus,  as  soon  as  the 
first   particle   has   begun   to   move,  owmg  to  the 
elasticity  between  it  and  the  second,  the  second  is 
moved  also  ;  and  similarly,  as  soon  as  the  movement  ot 
the  second  has  begun,  the  third  is  also  set  m  motiom 
So  that,  by  the  time  the  first  particle  has  reached  its 
greatest  excursion  from  its  place  of  rest,  the  forward 
movement  has  been  propagated  for  a  considerable 
distance  along  the  line,  and  the  general  efiect  ot  the 
movement  will  be  to  squeeze  the  particles,  as  it  were, 
nearer   to  one  another,  the  first  approachmg  tlie 
second,  the  second  the  third,  and  so  on.    In  tact  a 
condensation  is   produced.     Then    when  the  first 
particle  recoils  and  starts  on  its  backward  movement, 
the  elastic  force  between  it  and  the  second  particle 
will  be  less  than  the  force  between  the  second  and  the 
third  :  the  second  will,  therefore,  follow  the  first,  and 
for  the  same  reason  the  third  will  fo  low  the  second^ 
There  will  be  a  backward  movement  for  some  distance 
aloncr  the  line,  the  wave  of  condensation  being  passed 
Ser  onwards.    Then  the  first  particle   will  not 
have  exhausted  its  force  of  recoil  when  it  reaches  its 
poSion  of  rest,  and  it  will  pass  this  position  for  some 
distance    and  then  return  to  rest.  Consequently, 
by   thTs'   excursion   in    the    direction   opposite  to 
Se  condensation   there  will  be  increased  dist.mce 
between  the   particles,  a  rarefaction  will   be  pio 
d  icld     lL  tL  condensation,  the  ^^^^^ 
travel   in   a  wave;   it  wiU   affect   a  consideiawe 
niimber  of  the  particles  at  once,  but  m  difiei^n 
de'ee",  each  particle  having  its  maximum,  one  aftei 
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the  other,  the  maximum  declining  to  a  minimum,  till 
it  finally  disappears  when  the  particle  comes  to  rest 
The  whole  history,  then,  of  a  particle  sharing  in  the 
propagation  of  a  wave  of  sound  is,  that  under  the 
mfluence  of  a  shock  it  moves  forward  from  its 
position  of  rest  for  a  certain  distance,  then  moves 
backward  past  its  position  of  rest,  but  in  the  same 
hne,  and  finally  returns  to  its  middle  position.  Each 
particle  thus  oscillates  to  and  fro  on  each  side  of  its 
middle  position.  While  this  is  the  history  for  each 
particle,  the  combined  movements  of  the  series  of 
particles  produce  an  alternate  condensation  and  rare- 
taction,  the  two  forming  a  sound  wave. 

The  movement  of  a  particle  from' its  position  of 
rest  to  one  extreme,  then  to  the  opposite  extreme, 
and  finally  back  to  its  original  position,  is  one  com- 
plete oscdlation  or  vibration,  the  time  occupied  in 
completing  the  movement  being  the  period  of  oscilla- 

«n /  f  P"-i«^^  of  rest 

and  either  of  the  extremes  gives  the  amplitude  of  the 
vibration.  Two  particles  which  are  moving  m  the 
same  dn-ection  and  are  at  the  moment  occupying  the 
same  position   are  said  to  be  in  the  same  phase  and 

mrtici:  r^l'^'"^^"  r  -^'^^  the'succe^dh  g 

particle  m  the  same  phase  is  the  wave  lenHh  the 

distance  between  one  condensation  and  the  succeeding 
one,  or  between  one  rarefaction  and  its  successor.  " 
tion  nf  flifference  between  the  propaga- 

tion of  sound  waves  and  light  waves     For  f]L  ...r. 
gation  of  light  it  was  found  necesiry  fo  as The 

boStrr  etl"^'*'^  -^^"^  P^^^^^'"^^^       space  aiKl  al 
bodies,  an  ether  which  was  present  even  where  no 

Wdfcrt'-      ^  -^rP'^   experiment  sL; 
belT  t    ,      f  ^^""^         "^'^^^  """"^d-    Let  an  alarum 
bell  be  placed  withm  the  jar  of  an  air  pump  Tt 

must  be  suspended  in  the  jar  by  threads^  a  .d  not 
--ply  placed  in  the  jar  of  Ihe  L  ,.4''  l^'.^^l 
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the  spring  be  released  before  the  bell  is  placed  inside 
the  jar,  the  ringing  of  the  bell  mil  be  heard  quit^e 
distinctly  through  the  walls  of  the  jar.    As  one  pro- 
ceeds to  exhaust  the  jar  the  sound  is  heard  more  and 
more  faintly,  till,  when  the  exhaustioii  is  as  complete 
as  possible,  only  one  near  to  ^he  b^  hears  it.  If 
hydro-en  gas  be  now  permitted  to  fill  the  jar  the 
W°  of  the  ringing  bell  is  not  much  intensified. 
sTon  again  exliausti?ig,  as  completely  as  possible,  the 
found  is  no  longer  heard,  even  if  one  s  ear  be  pressed 
closely  acrainst  the  jar's  sides,  and  while  it  is  evident 
to  he  eyes  that  the  hammer  is  still  hittmg  the  bel  ; 
I  loLTs  eyen  a  small  quantity  of  air  is  l-™tted 
enter  the  exhausted  receiver,  the  sound  of  the  beil  is 

"""'In  OTdinary  circumstances,  then,  sound  is  propa- 
gated by  air.    It  may,  however,  be  propagated  by 
different  media,  gases,  liquids,  solids.    In  water 
Znd  is  readily  propagated,  and  everyone  knows  how 
tTs  condu^^te^  bodies  like  wood,  how,  for 

exampT  tlie  merest  scrape  with  a  pin  at  one  end  o 

^.e.ter  the  <Wty  the  ^e.  Jt  antit 

increases  2  feet  tor  every  ae  ,  h  ;  ^.q^q  feet, 
temperature.     n  f |f  Ve/ir    jto,™  4-16*  feet, 

in  carbonic  aciJ  f«  f  "  ^..(at'sO'C.)  U,666 
in  «ate,- nearly  i.,000  feet^m  c«  ,^ 

feet,  m  u-on        "»  ^'j'  J."' i„  these  solid  substances 
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density,  but  to  the  liigh  elasticity  in  relation  to  the 
density. 

Reflection  of  sound — Sound  may  be  reflected 
just  as  light.  Thus,  suppose  one  takes  a  concave 
mn-ror,  and  from  a  lamp  at  a  distance  throws  upon  it 
a  beam  of  light,  and  finds  the  position  in  front  of  the 
muTor  to  wliich  the  light  is  reflected  (the  conjugate 
focus),  then  removes  the  lamp,  in  its  place  puts  a 
watch,  and  holds  the  ear  in  the  position  of  the  conju- 
gate focus,  the  ticking  of  the  watch  will  be  heard 
with  great  distinctness,  though  in  any  other  position 
the  person  might  not  hear  it  at  all.  Or  let  the  watch 
be  placed  in  the  focus  near  the  mirror,  a  person  with 
his  ear  at  the  place  of  distant  focus  will  hear  it  dis- 
tinctly. The  laws  for  the  reflection  of  sound  are  the 
same  as  those  for  light.    An  echo  is  a  reflected  sound. 

Refraction  of  sonnd  may  also  be  shown  expe- 
rimentally For  a  converging  lens  thin  indiarubber 
balloons  filled  with  a  denser  gas  than  air,  e.g.  car- 
bonic acid  gas,  may  be  used.  They  will  converc^e  the 
sound  waves  of  a  sounding  body,  j.laced  behincf,  to  a 
tocus  m  front,  just  as  a  lens  would  do  with  lio-ht 

Transmission  of  sonnd  by  tnbes,  etc.- 
In  tree  air  the  intensity  of  a  sound  diminishes  as  the 
distance  through  which  it  is  transmitted  increases  • 
It  varies  mversely  as  the  square  of  the  distance.' 
from  the  centre  of  disturbance  the  waves  of  sound 
expand  ni  all  directions,  and  the  more  they  travel  the 
more  widely  are  they  diffused,  so  that  their  intensity 
Uminishes  as  they  advance.  By  the  use  of  tubes 
(a  speakmg  trumpet,  for  example)  the  expansion  on 
all  side.s  is  prevented  and  the  waves  are  concentrated 
in  one  direction,  so  that  the  intensity  is  maintained 
ihis  is  one  rea.son  why  a  sound  of  no  groat  loudness 
may  be  transmitted  with  little  enfeeblement  throuc^h 
narrow  tubes  of  considerable  length,  if  the  i^i^^r 
^VMlls  be  smooth.     Biot,  in  Paris,  was  able  to  hoi  a 
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conversation  in  a  low  voice  througli  an  iron  tube 
3,120  feet  long.  The  intensity  of  a  sound  increases 
aiso  with  the  density  of  the  medium  in  which  it  is 
produced.  Such  principles  explain  to  some  extent  the 
action  of  the  otoscope  and  stethoscope.  The  lormer 
consists  of  a  narrow  indiarubber  tube  with  ivory 
ends  One  end  is  placed  in  the  canal  of  the  ob- 
server's ear,  and  the  other  in  relation  to  the  sounding 
body,  and  thus  the  sound  is  conveyed  to  the  observers 
ear  without  enfeeblement.  The  stethoscope  acts  not 
only  by  its  own  particles  conducting  the  sound,  but 
because  the  tube  prevents  the  dissipation  of  the  vibra- 

*^°^A  stethoscope,  bearing  some  resemblance  to  a 
Marey's  tambour,  was  devised  by  Koenig  m  lSb4 
It  consists    of   a   metallic   ring,  on    each   side  ot 
which  is  attached  a  thin  indiarubber  membrane,  so 
disposed  that  when  the  enclosed  space  is  iniiated 
through  an  opening  in  the  ring  the  chamber  assumes 
the  form  of  a  bi-convex  lens.    A  stopcock  shuts  the 
chamber  off  from  the  outside.    Connected  with  the 
edcxe  of  the  metallic  ring  is  a  hemisphere  of  metal 
which  covers  in  one  of  the  indiarubber  membranes,  a 
space  intervening  between  the  two.    In  the  midd  e  of 
the  hemisphere  is  a  tube  from  which  an  i-diarubber 
tube,  terminating  in  an  ivory  end  is  carried  to  the 
ear     The  exposed  indiarubber  wall  is  applied  to  the 
body  to  be  examined.    Vibrations  are  commumcated 
to  the  air  in  the  indiarubber  chamber,  and  from  it  to 
the  air  in  the  space  between  the  metal  hemisphere  and 
t  e  indiarubbe^chamber,  and  so  along  the  tube  to  the 
ear     Several  tubes  may  be  led  from  the  hemisphere, 
and  several  persons  may  hear  at  the  same  tune. 

A  reflection  of  sound  is  effected  by  the  auricu^^^^^ 
appendages  of  the  ears.    It  has  been  shown  that  then 
S  is°  peculiarly   adapted  for  concentrating  he 
sound  wales  into  the  external  canal  by  which  thej 
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are  conducted  to  the  tympanum.  The  concavities  of 
tlie  concha  and  of  the  inner  surface  of  the  tragus  are 
adajjted  specially  for  directing  the  sonorous'  waves 
into  the  external  canal.  The  two  surfaces  are  so 
arranged  with  regard  to  one  another  that  sound  waves 
coming  from  before  will  be  reflected  by  the  concha  on 
to  the  inner  face  of  the  tragus,  where  they  undergo  a 
second  reflection,  which  concentrates  them  in  the 
direction  of  the  external  canal. 
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MUSICAL  SOUND.  S^rfi/.. 


All  sounds  are  due  to  vibrations,  but  the  differ- 
ence between  ordinary  sounds  (between  noises,  for  in- 
stance) and  musical  sounds  is  in  the  rhythmic  or 
periodic  character  of  the  latter.  Musical  sounds  are 
also  distinguished  by  their  continuous  character,  the 
vibrations  following  one  another  with  such  rapidity 
that  each  one  is  not  perceived  separately,  the  per- 
ception being  only  of  the  fused  whole.  Various 
characters  of  musical  sounds  must  be  noted,  namely 
their  loudness  or  intensity,  their  pitch,  and  their 
quality. 

The   intensity   of   any   sound  is  due  to  the 
amplitude  of  the  vibration,  the  extent  of  the  excursion 
as  one  might  say,  the  height  of  the  wave. 

The  pitcli  of  a  musical  sound  is  determined  by 
the  rapidity  of  the  vibrations,  the  numl,er  of 
vibrations  affecting  the  auditory  apparatus  in  a  second 
ot  time.  Tins  has  been  shown  in  various  ways 
bavart,  for  instance,  used  a  toothed  wheel  which  could 
l)e  revolved  with  varying  degrees  of  rapidity.     As  the 
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wheel  revolved  each  tooth  struck  against  the  edge  of 
a  card,  each  stroke  producing  a  vibration.  With  a 
certain  rapidity  a  musical  note  was  produced,  rising 
in  pitch  as  the  rapidity  was  increased,  and  falling  as  it 
was  diminished. 

The  sireu  shows  the  dependence  of  pitch  upon 
rapidity  still  more    accurately.    The    simple  siren 
consists  of  a  zinc  disc,  which  is  perforated  with  holes 
arranged  in  rings,  one  ring  having  the  holes  very  near 
to  one  another,  and  others  having  them  at  greater 
distances.    By  multiplying  wheels  the  disc  can  be 
made  to  revolve  with  great  rapidity.    A  tube  with 
a  fine  opening  at  one  end  is  brought  up  near  the 
surface  of  the  disc,  and  air  may  be  diiven  through  the 
tube  by  a  bellows,  or  by  the  mouth.    Now  when  air 
is  blown  through  the  tube  it  will  pass  through  a  hole 
in  the  zinc  plate,  and  communicate  an  impulse  to  the 
air  on  the  opposite  side,  should  the  open  end  of  the 
tube  happen  to  be  opposite  a  hole  in  the  disc     If  the 
disc  be  slowly  revolved,  at  one  moment  a  hole  m  the 
plate  will  be  opposite  the  tube  and  air  will  pass 
throucrh,  at  the  next  moment  an  unperfovated  part  ot 
the  plate  will  be  opposite  the  tube,  and  the  air  will 
not  pass  through.    With  a  shght  further  turn  another 
hole  wUl  be  opposite  the  tube,  and  the  au-  will  receive 
a  second  impulse.    As  the  plate  is  revolved  with 
greater  rapidity,  an  increasing  number  of  impulses 
till  be  sriven  to  the  air.  At  first,  then,  on  revolving  the 
plate  nothing  is  heard  but  the  separate  pufls  as  one 
hole  after  another  comes  opposite  the  tube  through 
which  the  air  is  being  blown.     Gradually,  however, 
with  increased  speed,  the  puffs  follow  one  another  with 
greater  rapidity,  till  they  become  fused,  ^^"d  a  lo^v 
musical  note  is  heard,  which  rises  higher  and  higher 
as  the  plate  revolves  faster  and  faster,  till  the  pitch 
becomes  very  high  with  the  utmost  speed  that  can  be 
communicated  to  the  plate. 
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The  Siren. 


The  siren  of  Cagniard  de  la  Tour  (Fig.  186)  permits 
the  number  of  vibrations  producing  sounds  of  different 
l>itch  to  be  accurately  estimated.    It  consists  of  a 
brass  air-chamber  b,  the  top  of  which  is  perforated 
with  fifteen  holes,  disposed  at  regular  intervals  from 
one  anotlier.    Above  the  perforated  lid  is  a  circular 
plate  D,  finely  pivoted,  capable  of  rotation  on  the 
centre   of  the    lid,  and 
pierced    with    an  equal 
number  of  holes  at  dis- 
tances from  one  another 
corresponding   to  those 
of    the  lid    of    b.  In 
particular  positions  the 
holes  of   the  two  plates 
will  exactly  coincide.  b 
has  an  inlet  tube  through 
which  air  may  be  driven 
into  the   chamber  by  a 
bellows.     Now  the  holes 
of  the  lid  and  rotating 
plate  are  not  pierced  in 
a  straight  direction,  but 
obliquely,    and   those  of 
the  ])late  are  in   an  op- 
posite   direction  to  those 
of    the   lid.      Fig.  186 
shows  the  section  carried 
through     one    hole,  by 


Fig.  186.— The  Siren. 


which  the  nature  of  the  obliquity  is  seen.  There- 
tore,  when  air  is  blown  into  b,  it  escapes  throuoh 
the  openings  in  the  lid,  and  then  through  those  of  the 
disc  D.  But  in  passing  from  lid  to'  disc,  the  air 
strikes  obliquely  on  the  holes  of  tlie  latter,  and  since 
It  is  easily  moval)le,  causes  it  to  rotate.  By  a 
slight  turn  of  D  the  holes  of  b  are  blocked  ■  but  tlio 
disc  rotating  farther,  the  holes  again  coincide,  the 
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air  again  escapes,  and  the  disc  gets  an  increased 
rotatory  impulse.    In  a  single  revolution  of  the  disc, 
fifteen  separate  shocks  will  have  been  given  to  the  air. 
Now  if  the  bellows  be  worked  slowly,  the  plate  D  will 
revolve  slowly,  and  only  the  sounds  of  the  separate 
puffs  of  air  will  be  heard.    But  if  the  bellows  be 
driven  vigorously  the  disc  will  revolve  faster  and 
faster,  and  an  increasing  number  of  shocks  will  be 
given.    With  a  certain  velocity  a  low  musical  note 
will  begin  to  be  heard,  and  as  the  speed  increases,  the 
pitch  will  increase  till  the  limit  of  velocity,  when  the 
pitch  will  be  very  high.    At  the  upper  part  of  the 
instrument  are  two  wheels  c  and  c,  which  register  on 
dial  plates  in  front  the  number  of  revolutions  of  the 
disc.    At  the  side  is  a  button,  by  which  the  wheels 
may  be  put  into  or  out  of  action.     Suppose  it  is 
desired  to  learn  the  number  of  vibrations  producing 
a  sound  of  a  given  pitch,  the  siren  is  worked  till 
the  proper  pitch  is  obtained,  then  by  pressing  the 
button  the  wheels  are  thrown  into  action,  the  time 
being  carefully  noted.     At  the  end  of  one  minute, 
during  which,  by  proper  working  of  the  bellows,  the 
same   pitch   has  been  maintained,  the  wheels  are 
stopped  by  pulling  out  the  button,  and  the  number  of 
revolutions  made  by  the  disc  in  one  mmute  are  read 
off.    With  each  revolution  fifteen  shocks  are  given 
to  the  air,  therefore  the  number  of  vibrations  pro- 
ducing the  given  pitch  is  obtained  by  multiplymg 
1.5    by    the    number    of    revolutions  per  minute. 
This  gives  the  number  of  vibrations  per  minute,  and 
dividing  by  60,  one  obtains  the  number  per  second. 
Suppose    the    vibrations    to    be    100  per  second, 
then  the  period  of  each  vibration  will  be  of  a 

second.  The  lens^th  of  the  wave  can  also  be  obtamed 
if  the  number  of  vibrations  be  given.  At  freezing 
temperature  sound  travels  1090  feet  per  second,  and 
in  tliat  time  we  have  one  hundred  wave  movements 
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to  produce  the  given  sound.  Then  ta^so  ^  ^j^g  ^ave 
length  in  feet  =  10-9  feet.  With  a  higher  temper- 
ature the  wave  length  would  increase. 

With  siich  an  instrument  it  is  easily  shown  that 
there  are  vibrations  occurring  too  slowly,  i.e.  too  few 
of  them  in  a  second  of  time,  to  be  perceived  by  the 
ear  as  a  continuous  sound.    Helmholtz  fixed  tliis 
lower  limit  at  sixteen  vibrations  per  second.  With 
fewer  than  sixteen  vibrations  per  second,  the  ear  has 
no   power   to  fuse  them   together  to  produce  the 
sensation  of  a  musical  tone.    If  the  disc  could  be 
rotated  swiftly  enough,  the  same  instrument  might 
also  show  that  there  are  vibrations   occurring  too 
swiftly  to  be  perceived  by  the  ear.    The  upper  limit 
has  been  fixed  by  Helmholtz  at  38,000  vibrations  per 
second.    The  highest  musical  sound  capable  of  being 
perceived  by  the  human  ear  is  produced  by  38,000 
vibrations  per  second.    There  are,  of  course,  many 
people  who  cannot  hear  at  all  sounds  of  this  pitch. 
The  resemblance  to  the  case  of  light  is  here  interestino-. 
Just  as  there  are  vibrations,  fewer  than  those  pro- 
ducmg  the  red  of  the  spectrum,  which  are  not  visible 
to  our  eyes,  and  which   have  yet  been  shown  to 
possess  very  great  heating  properties,  and  as  there  are 
vibrations  faster  than  those  producing  the  spectral 
violet,  which  are  invisible  to  our  eyes,  and  are  yet  of 
great  chemical  activity,  so  there  are  vibrations  of 
another  kind  fewer  tlian  16  per  second,  and  more 
than  38,000  per  second,  of  which,  however,  the  ear 
has  no  cognisance,  so  far  as  the  perception  of  musical 
sound  is  concerned. 

Intervals— Pitch  of  sound  the  siren  proves  to 
be  cliie  to  number  of  vibrations  per  second  of  time 
-but  the  siren,  as  modified  by  Helmlioltz,  can  render 
still  other  service.  Helmholtz  devised  what  is  called 
the  DOUBLE  SIREN.  The  lid  of  the  ail-  chamber  is 
perforated  by  four  series  of  holes  arranged  in  four 
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concentric  circles,  the  oiiter  circle  containing  eighteen 
holes,  the  next  twelve;  the  next  ten,  and  the  inner- 
most eight.    By  means  of  four  stops  any.  one  of  these 
circles  of  holes  may  be  opened  or  closed  at  pleasure. 
Thus  only  the  set  of  eighteen  may  be  open,  or  the  set 
of  twelve,  and  of  ten,  or  all  of  them,  may  be  opened, 
which  would  mean  forty-eight  shocks  to  the  air  with 
each  revolution.    The  rotating  disc  has,  of  course, 
a  hole  for  each  one  of  the  lid.    This  improvement  in 
the  siren  is  due  to  Dove.    Helmholtz  takes  two  such 
boxes,  and  fixes  one  a  little  way  above  the  other, 
and  upside  down  so  that  they  face  one  another. 
Both  may  have  the  same  number  of  holes  in  the  lids, 
arranged  with  stops  in  the  same  way  ;  but  iii  Helm- 
holtz's  siren  the  upper  box  has  four  concentric  series 
of  sixteen,  fifteen,  twelve,  and  nine  holes  respectively. 
The  rotating  disc  of  both  is  on  one  axis,  so  that  if  one 
rotates,  the  other  does  also.      The  inlet  tube  of  the 
upper  box  is  bent  down,  that  of  the  lower  one  bent 
up  ;  thus  they  meet  one  another  in  a  common  pipe  to 
which  the  tube  from  the  bellows  is  attached,^  and  so 
both  can  be  worked  simultaneously  and  with  the 
same  blast.    Of  course,  by  stopping  all  the  holes  of 
one  box  only  one  may  be  worked  at  a  time.    Now  with 
such  a  siren  it  is  possible  to  make  one  box  produce 
in  the  same  time  double  the  number  of  vibrations  of 
the  other.    In  such  a  case  the  sound  produced  by  one 
box  is  found  to  be  the  octave  of  that  produced  by 
the  other.    An  octave  is,  therefore,  a  note  produced 
by  double  the  number  of  vibrations  of  the  note  of 
which  it  is  the  octave.    Double  the  number  of  the 
vibrations  of  the  octave  will  produce  its  octave,  or  the 
second  octave  of  the  original  note,  and  so  on.  Again, 
twelve  holes  of  one  box  may  be  opened,  and  eight  of  the 
other,  when  the  two  musical  notes  produced  will  be 
perceived  by  trained  ears  to  be  a  fi^Vi.    The  musical 
interval  of  a  fifth  is  shown,  thus,  to  be  due  to  two 
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sounds,  one  of  which  is  produced  by  twelve  vibrations 
for  every  eight  of  the  other,  i.e.  three  for  every  two, 
and  is  expressed  thus,  4.  In  the  same  way  the  various 
relations  may  be  worked  out,  as  shown  in  the  accom- 
panying list. 


\  =  octave. 
%  =  fifth. 
I  =  fourth. 
I  =  major  third. 


f  =  minor  third. 
I  =  major  sixth, 
f  =  minor  sixtli. 


"With  the  same  instrument  the  lowest  C  of  the  ordi- 
nary pianoforte  is  determined  by  Helmholtz  as  due  to 
thirty-three  vibrations  per  second,  the  middle  C  as  due 
to  264  vibrations  per  second.  Taking  the  ordinary 
scale,  the  relations  are  approximately  given  as 
follows : 

CDEFGABC 
(ut)  Do    Re     Mi    Fa     Sol    La     Si     Do'  (ut) 
'm    297    330   352    396    440   495  528 
1       I      f      I       i       f       ¥  2 

The  upper  two  lines  give  the  names  of  the  notes, 
as  designated  by  letters,  or  the  French  or  Italian 
names,  the  tirst  line  of  figures  gives  approximately 
the  number  of  vibrations  per  second,  and  the  last 
line  gives  the  fraction  which  expresses  the  relation  of 
each  note  to  the  fundamental  note. 

Interference  of  sound:  Beats. — By  means 
of  the  double  siren  of  Helmholtz,  another  phenomenon 
may  be  illustrated.  The  upper  of  the  two  boxes  is 
movable  on  an  axis,  and  may  be  turned,  by  means  of 
a  toothed  wheel  with  a  handle,  either  in  the  direction 
of  the  rotating  disc,  or  in  the  opposite  direction. 
Suppose  the  disc  to  be  revolving,  and  the  box  to  be 
turned  in  the  opposite  direction,  the  holes  in  the  lid 
of  the  box  will  come  opposite  to  the  holes  in  the  disc 
more  quickly  than  if  the  box  were  stationary,  a 
slightly  greater  "number  of  pulses  will  be  given  to  the 
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air  in  a  second  of  time,  and  the  note  produced  by  the 
box  will  be  sharpened.    If,  however,  the  box  be 
turned  in  the  same  direction  as  the  disc,  the  two  sets 
of  holes  will  coincide  less  speedily,  and  a  flattening  of 
the  note  will  result.    Now  suppose  both  boxes  to  be 
producing  the  same  number  of  vibrations  in  a  second 
of  time,  i.e.  sounding  the  same  note,  let  the  upper 
box  be  turned  in  either  direction,  a  slight  difference 
will  be  produced  between  the  number  of  vibrations  of 
each  box  ;  and  this  difference  will  announce  itself  by 
the  a]ipearance  of  what  are  called  beats,  alternate  rising 
and  falling  of  the  sound,  or  intensification  and  diminu- 
tion of  the  sound.    This  occurrence  may  be  explained 
in  the  following  way.    Suppose  two  men  walking 
side  by  side,  and  keeping  step.     Consider  only  the 
right  foot  of  each.    The  right  foot  of  each  will  ad- 
vance and  touch  the  ground  in  front  at  the  same 
instant  of  time.    With  the  forward  movement  of  the 
body  and  the  advance  of  the  left  feet,  the  right  feet 
will  come  to  be  behind,  and  as  the  advance  continues 
will  leave  the  ground  at  the  same  instant.    The  foot 
may  be  considered   as    oscillating   with  each  step 
between  two  extremes  from  its  middle  position,  and 
the  movement  from  the  place  where  the  foot  touches 
the  ground  in  front  to  the  place  where  it  leaves  the 
o-round  behind,  and  forwards  again  to  the  position  in 
front  as  a  comjilete  wave  movement,  one  complete 
vibration  or  oscillation.     The  distance,  then,  between 
the  extreme  i)Osition  in  front  and  the  extreme  position 
behind  will  be  half  a  wave  length;  and,  in  the  lan- 
guage of  wave  motion,  the  foot  in  its  extreme  position 
in  front  and  its  extreme  position  behind  may  be  said  to 
be  in  opposite  phases.  Suppose  now  that  the  two  men 
start  by  each  touching  the  ground  in  front  with  the 
rio-ht  foot  at  the  same  instant,  but  su  impose  that  one 
walks  very  slightly  faster  than  the  other.    If  he  is 
not  to  go  ahead  of  his  neighbour  his  steps  must  be 
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slightly  shorter  to  counterbalance  their  increased 
rapidity.  The  oscillation,  so  to  speak,  of  his  foot  wiR 
be  faster,  but  the  wave  lengths  will  be  shorter.  The 
result  will  be  that  at  the  second  step  his  foot  will  be 
slightly  in  advance  of  his  friend's ;  his  friend's  foot, 
that  is,  will  be  slightly  behind.  With  each  step  this 
difference  will  be  slightly  increased,  till  after  several 
steps  his  right  foot  will  touch  the  ground  in  front, 
when  his  friend's  is  just  being  lifted  from  the  ground 
behind.  The  two  feet,  that  is  to  say,  will  be  in  oppo- 
site phases.  The  foot  of  each  will  be  on  opposite 
sides  of  the  middle  line,  the  position  of  rest ;  one 
will  be  nearly  as  far  forward  as  the  other  is  behind, 
and  the  mean  position  would  be  very  nearly  in  the 
position  of  rest.  Suppose  the  walking  to  be  pro- 
ceeded with,  with  each  step  the  difference  will  be 
added  to ;  but  now  the  foot  that  is  behind  will  with 
each  step  come  farther  and  farther  forward,  till 
after  a  few  more  steps  the  right  foot  of  each  man  will 
again  touch  the  ground  in  front  at  the  same  instant, 
and  the  two  feet  will  be  in  the  same  phase.  If  the  same 
relative  pace  be  maintained,  after  a  few  more  steps 
the  feet  will  again  be  in  opposite  phases,  and  after  a 
few  more  again  in  the  same  phase  ;  they  will  alter- 
nately coincide  and  be  opposite  to  one  another.  The 
more  nearly  the  speed  of  the  two  is  similar,  the  more 
seldom  will  they  coincide  and  be  opposed  ;  and  the 
greater  the  difference  in  speed  the  oftener  will  the 
coincidence  and  opposition  happen.  Now,  for  the 
feet  of  the  two  men  substitute  two  wave  movements, 
whose  periods  are  very  nearly  the  same,  one  being,' 
however,  shorter  than  the  other,  that  is,  with  slightly 
quicker  vibrations,  and  suppose  them  to  start  together 
through  the  air.  Because  of  the  slight  dillercnce 
they  will  alternately  coincide  and  be  opposite.  When 
they  coincide  the  vibratnig  particles  will  be  in  the 
same  phase,  will  be  moved  by  both  in  the  same 
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direction,  and  the  extent  of  movement  will  be  greatly 
ijicreased ;  when  they  are  in  opposite  phases,  the  par- 
ticles will  be  urged  in  one  direction  by  one  and  in  the 
opposite  by  the  other,  and  will,  therefore,  assume  the 
mean  position,  very  neai-ly  the  position  of  rest ;  the 
movement  will  be  arrested.  To  apply  this  to  sonorous 
waves,  when  the  two  waves  coincide  the  condensation 
of  one  is  added  to  that  of  the  other,  with  the  result  of 
increased  condensation,  the  rarefaction  of  one  to  the 
rarefaction  of  another,  with  the  result  of  increased 
rarefaction.    Then,  owing  to  the  difference  of  period, 
they  do  not  coincide  ;  gi-adually  the  difference  increases 
till  the  rarefaction  of  one  coincides  with  the  conden- 
sation of  another  (they  are  in  opposite  phases),  and 
the  result  is  abolition  of   the  sound  {interference). 
After  a  few  more  vibrations  the  condensations  again 
coincide,  and  there  is  intensification  of  the  sound. 
Thus,  when  two  notes  are  produced  by  neai-ly  the 
same'  number  of  vibrations,  they  alternately  add  to 
one  another  and  subtract  from  one  another,  the  sound 
alternately  grows  louder  and  then  fades  away,  to  grow 
loud  again,  and  again  fade ;  beats  are  produced.  The 
more  nearly  alike  they  are  the  fewer  will  be  the  beats, 
and  the  more  they  differ,  within  limits,  the  more  fre- 
quent the  beats.    The  beats,  in  short,  represent  the 
difference  between  the  number  of  vibrations  of  the 
two  notes  ;  so  that  the  number  of  vibrations  of  the 
lower  note      the  number  of  beats  per  second  wdl 
o-ive  the  number  of  vibrations  per  second  of  the  higher 

note.  ,     .    ,     ,  t 

Dissonance.— This    physical   phenomenon  ot 

interference  is  found  to  have  a  physiological  side. 

When  the  two  notes  are  very  near  one  another  we 

see  the  beats  are  few,  and  the  ear  readily  distinguishes 

each  separately,  when  there  are  no  more,  for  instance, 

than  four  to  six  in  a  second.    When  the  two  notes  are 

farther  apart  the  beats  become  partly  fused  by  the 
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because  of  their  increased  number,  and  mve  a 
imrsh  grating  character  to  the  sound,  and  with  a  still 
greater  number  a  cutting  character.    The  rising  and 
iallmg  of  the  sound,  within  very  narrow  limits  and 
under  special  circumstances,  may  produce  a  nleasiug 
or  eftective  impression,  but  beyond  these  limits  and 
cu-cumstances  they  are  disagi-eeable  to  the  ear,  givin- 
me  as  they  do,  to  the  same  sort  of  nervous  impression 
tliat   a  flickering   light   has    upon   the    eye  The 
seiisation  produced  by  the  beats  is  that  of  dissonance 
When  beats  reach  the  number  of  thirty-three  per 
second,  according  to   Helmholtz,   the  dissonance^s 
uitolerab  e;  as  the  number  increases  tlie  rouohness 
essens  though  it  is  still  present  when  they  occ  a 

^tri3? z    '^^^  t^'-  ^'-^ 

wi       \  second  the    roughness  disappears 

When  two  notes  are  sounded  together  as  for  the 
production   of   beats,  a  new   note  may  be  heard 
different  from  either,  whose  pitch  is  due  to  a  n  n  ber 
of  .-ibrationsequalto  the  ditrerence  between  t l  e  tw^ 

^oi  e,  01  cbference  tone  as  it  has  been  called  by  flelm- 
holtz,  corresponds  to  the  number  of  beats  produced  bv 
the  two  primaries,  and  was  supposed  by  You  "  to  be 
a  tone  produced  by  the  fusion  of  beati  ^Mmholtz 
however,  explains  them  to  be  due  not  to  beats  ut  to 
secondary  waves  caused  by  the  disturbance '  of  th^ 

As  showing  how  the  physical  theory  of  beats  and 

ts  fouith,  the  consonance  with  its  tlnVd  is  less  com 
lote     Now  a  note  due  to  2G4  vibrations  per  seco  d 
as  as  Its  octave  one  due  to  028  per  second    t  o 
cl.flbr..,_2.,,  is  .0  great  that  fi/'^^i  ^ 
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produced.    Again,  the  fifth,  f ,  would  be  produced 
Ine  note  of  264  vibrations,  and  ^^^^^J^.^/J^f^^^^^^^ 
difference  being  132,  the  number  at  -^"^Ji 
disappears.    The  fourth,  f ,  gives  the  following  . 
352  —  264  =  88; 

and  here  the  roughness  will  be  perceptible.  _  This  will 

be  more  marked  with  the  major  third,  t,  ^i^.  : 
330  —  264=66. 

With  the  interval  of  a  second,  |,  the  roughness  is  very 

great,  namely, 

for  here,  according  to  Helmholtz,  the  number  of  beats 

is  the  most  discordant.    _  ,  i-.lwqicnl 

Thus  it  is  seen  that  in  their  results,  the  physical 

""mialliy^f  musts  s.u„d».-Tl«  tod  fe.t«™ 

is  signifaed  by  sayuio  •  i/+m-.pq  md  another  thin, 

for  iWnce,  one  produces  rich  tones  ni^^^^^^^ 

v  brations  nor  then  lieqm  u  ^  to  depend 

r   J.    „     Tlio  rlifference  m  charactei  is  sniu  lu  i 
feature,    il;!- ^^^'^J^.^^  Germans  use  the 

on  the  qxmliiy  of  the  note. 
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phrase  Jclavg  farhe,  raenning  sound  tint,  or  sound 
colour,  ^v]li]e  tlie  French  term  is  livihre,  meaning 
stamp.  On  what,  tlien,  does  quality  dependl 
Consider  waves;  they  differ  in  size,  in  rapidity  or 
frequence,  but  they  also  differ  in  form.  Size  is 
equivalent  to  amplitude  of  vibration,  i.e.  loudness  of 
sound,  and  ra])idity  to  the  number  of  vibrations  per 
second.  I.e.  pitch  of  sound,  while  the  form  of  the 
^vave  IS  found  to  correspond  to  the  quality  of  sound. 

Waves  may  be  simple  or  compound  ;  if  .simple 
then-  form  will  be  exhibited  by  rounded  crest  and 

hollow,  the  crest  lieing  as  mucli  above  the  middle  line 

as  the  hollow  is  below.  Apart 

from  .such  simple  forms,  waves 

may  be  of  many  shapes,  high 

and  sharp,  flat  and  broad,  and 

so  on.    Islow  it  has  been  shown 

that  every  compound  wave  is 

capable  of   Ijeing  resolved  into 

simple  waves.    Fig.  187  shows 

three  waves,  whose  vibrations 

are    as    1    :    2    :    .3.  The 

blending  of  these  three  simjile 

waves  produces  the  compound 

form  marked  4.    The  form  of 

the  complex  wave  is  obtained 

by  drawing  a  series  of  vertical 

lines.    TJie  position  of  the  com- 
pound wave  at   any   one   of  these  lines  is  marked 

i-y  takmg  the   algebraic  sum    of  the   distances  of 

the  tliree  simple  waves  above  or  below  the  line  of 

rest   and  in  tbat  vertical  line.    Thus,  take  the  ati-- 
tical   me  ab,_  the  position  of  a  point  of  the  com- 
round  wave  ,n  this  line  is  obtained  by  taking  ll,o 
tance  in  the  same  line  between  a'and  the 

h  tance  bntween  and  a\  and  lietween  a^'  and  and 
taking  then-  algel,raical  sum.    Thev  are  all  al  o v^  The 


Waves. 


Compound 
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line  of  rest,  are  all  +,  that  is  to  say,  and  consequently 
the  three  distances  added  together  give  the  distance 
Kb'  above  the  line  of  rest.    Take  the  vertical  Ime  cc 
the  position  of  a  point  of  the  compound  wave  m  that 
line  is  obtained  by  taking  the  algebraical  sum  of  the 
distances  c'c^   c?c\    and  eo\      C       and    c'  c  aie 
negative,  c«      is  positive  ;  the  resu  t  is  a  negative 
quantity,  the  distance  Ac  below  the  line  of  rest.  So 
?he  pos'ltion  of  any  other  point  m  the  compound 
wave   may   be   determined.    It  f ^^^'^^^'^'^^^J' 
apparent  that  the  compound  wave  could  be  reso  ved 
into  the  simple  waves  1,  2,  3.    It  can,  ^^^^^^^^'l^^ 
shown  that  W  complex  wave  can  be  analy  ed  into 
simple    waves,    whose    corresponding    nunabei  of 
vibrations  are  in  the  proportion  ot  1,  ^^''^ 
That  is  to  say,  a  compound  wave  may  ^e^^^^l^^^ 
into    one  simple  wave,  represeijtmg  a  number  ot 
vibrations  thai  may  be  taken  as  1,  and  -to  a  -es  o 
other  simple  waves,  representing  each  a  number  ot 
vibrations  that  is  a  multiple  of  the  first,  2   3   4,  5 
and  so  on     Vibrations  whose  numbers  are  m  this 
p^o'io":  1.  2,  3,  etc.,  are  said  to  form  a  hakmomc 

'"''Sf  course,  sounds  do  not  produce  tonsverse  waves 
sucb  L  are  depicted  in  the  figure.    Th-e  ^  si^^^^^^ 

rem-e  ent  varying  degrees  of  condensation  and  rare- 
Son  of  the  atm^osphere  in  which  the  sound  is  propa- 

Now  if  a  string  be  fixed  at  both  ends,  pulled  by 

?^n^%lfSgtSet^!^^a^swiUutt.^ 
^£  T\  ^  ^  -d  particular  quality,  the 
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fundamental  or  primary  note  of  the  string.  Now  let 
the  string  be  damped  at  the  centre  by  one  finger,  and 
let  it  be  plucked  at  the  centre  of  one  half,  the  strino- 

M'ill    divide  _  ° 

itself  into  two  T   ■ —  --t 

equal    parts,,  ^ZSIl  

each  of   which  ISS.— Tlie  Vil.rntion  of  a  Stnng  souudiug 

will       vibrate,  its  Pundameutal  Note. 

the  centre  being  motionless  even  when  the  finger 
is  removed,  as  shown  by  a  rider  remaining  on  the 
strmg  at  that  point  while  others  are  thrown  ofi^  The 
string  will  now  utter  the  octave  of  the  first  note 
a  note,  that  is,  produced  by  double  the  number  of 
vib]-ations  of  the  first,  and,  therefore,  also  the  first 
harmonic  of  the  primary.  In  the  same  way,  if  the 
string  be  damped  at  a  third  of  its  length,  on  pluckin- 
It  m  the  middle  of  this  third  it  will  divide  into  three 
equal  segments,  each  vibrating  in  a  similar  way 
(-big.  189).    There  will  be  two  points  at  which  the 


~-  '       C      ^  D   

Fig.  189.-Vibration  of  a  String  damped  at  a  Third  of  its  Length. 

paper  rider  will  not  be  tossed  off.  The  note  produced 
^lU  be  the  second  harmonic.  The  points  where  the 
stnng  remains  at  rest  are  called  nodes,  and  the  parts 
between  the  nodes  which  are  in  movement  are  called 
vent^rd  s.rjments.  By  damping  the  string  at  one- 
fourth  of  Its  length,  it  will  be  caused  to  vibrate  in 
tour  segments,  and  the  fourth  harmonic  will  be  pro 
duced,  and  so  on.  ^ 

Now  the  string,  when  it  vibraics  in  its  whole 
J'^ngth,  produces  its  fundamental  note  of  a  particular 
quality,  but  that  note  is  not  a  simple  one.  If  a  -raphic 
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tracing  of  it  is  obtained  it  does  not  exhibit  smoothly 
rounded  crests  and  hollows  of  equal  size,  but  a  curve 
of  considerable  irregularity,  in  fact  a  compound  wave 
would  be   represented.     This  compound  wave  m 
accordance  with  the  principle  already  noted,  would  be 
capable  of  analysis  into  several  simple  waves  ot  a 
harmonic  Series.    In  fact,  the  note  of  the  vibrating 
strincr  is  a  compound  of  a  simple  note,  due  to  tiie 
vibrations  of  the  string  ag  a  whole,  and  of  other  notes 
whose  vibrations  correspond  to  the  movements  ot  the 
strincr  when  divided  into  two  or  more  segments,  it 
is  thfs  mixture  of  harmonics,  faHial  liotea  or  overtones 
as  they  are  also  called,  with  the  simple  fundamental 
tone  that  gives  the  cpiality  to  the  tone  emitted  by  the 
strinc.     Indeed,  with  some  attention  a  tiamed  ear 
can  always  detect  in  the  sound  of  a  vibrating  strmg 
one  or  more  tones  higher  than  the  fundamental,  x.e 
one  or  more  overtones.     Each  musical  instrument 
produces  different  harmonics  with  its  fundamental 
notes     Thus  the  violin  string  produces  specially  the 
lower  harmonics  of  the  series,  hence  its  mellow  sound ; 
brazen  instruments  produce  speciaUy  the 
monies,  hence  their  shrill  piercing  sounds.    The  tone 
of  a  pianoforte,  the  string  of  a  harp,  etc    each  p  o- 
ducesSts  own  particular  mixtur.  of  o-f  --  w:^^^ 
its  fundamental,  its  own  specia    blend    o  to  sp  ak, 
and  hence  has  its  oVn  particular  quality  of  sound 
The  difference  in  the  qualities  of  human  voices  suigmg 
notes  of  the  same  pitch  are  due  to  the  same  causes, 
amely  the  differences  in  the  harmonics  that  specially 
renominate   in   each  voice.      Dissonance  may  be 
ro  red  by  overtones  even  when  the  fundameiital 
otes   a  e    too    far   removed   to   produce  audible 
beat       One    overtone  of    one   note  may  be  near 
enoth  in  the  number  of  its  vibrations  to  an  over  one 
of  another  note  to  produce  beats,  and  give  roughness 
to  the  sound. 
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CHAPTER  XXXIII. 

SYMPATHETIC  VIBRATION  AND  RESONANCE. 

Sympathetic  vibration.  —  If  we  take  two 
tuning  forks  {see  Fig.  191),  tuned  to  precisely  the 
same  pitch,  and  sound  one  in  the  immediate  neigh- 
bourhood of  the  other,  the  untouched  fork  will  pick 
up  the  sound  and  vibrate  in  harmony  with  it.  This 
is  what  is  called  sympathetic  vibration.  Each  fork 
makes  the  same  nuuiber  of  vibrations  per  second. 
When  the  waves  (of  condensation  and  rarefaction) 
produced  by  the  motion  of  the  first  fork  batter  upon 
the  second,  they  tend  to  set  it  in  motion  also.  Each 
separate  impulse  is  too  feeble  to  move  the  fork,  but 
one  after  another  at  regular  intervals  finally  sets  the 
second  fork  in  vibration. 

Suppose  a  child  upon  a  swing  and  a  boy  setting 
the  swing  in  motion.  He  gives  a  slight  impulse  at 
first,  and  the  swing  sways  feebly.  He  waits  till  it 
has  come  back  towards  him  and  is  just  about  to  sway 
forwards  slightly  again.  At  that  instant  he  gives 
another  push,  and  waits  a  similar  interval  till  the 
swmg  has  again  come  backwards  and  is  about  to 
move  forwards,  when  he  gives  another  impulse.  So 
m  a  short  time  he  gets  up  a  good  movement  of  the 
swing,  and  can  maintain  it  with  slight  effort  if  only  he 
gives  the  impulse  at  the  proper  moment.  Suppose 
when  the  swing  was  half  way  on  its  backward  course' 
he  gave  it  a  push  forwards,  he  might  bring  it  to  a 
dead  stop,  and  would  at  least  entirely  destroy  the 
regular  movement.  So  the  tuning-fork,  tendincr  to 
sway  to  and  fro  by  condensation  and  rarefac'tion 
reaching  it  from  the  sounding  fork,  is  finally  set  into 
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vibration  by  the  regular  rhythmic  alternation.  If  it  is 
caused  to  move  it  will  only  be  by  a  vibration  of  its 
own  period,  for  if,  when  it  is  moving  in  the  direction  ot 
condensation,  it  is  met  by  a  rarefaction  due  to  the  other 
fork  its  motion  will  be  disordered  and  will  cease,  just  as 
the  'swing  is   stopped  by  its  backward  movenient 
bein^^  met  by  the  forward  impulse  from  the  boy. 
ButVhen  the  oscillations  of  the  two  forks  agree 
then  the  activity  of  the  one  will  excite  that  ot 
the  other.    If  a  small  coin  be  attached  by  wax  to  a 
limb  of  the  second  fork,  then  the  vibrations  of  the 
first  will  no  longer  maintain  those  of  the  second, 
because  the  vibrations  of  the  ^^o  are  no  longer  pre- 
cisely alike,  and  the  one  will  interfere  with  the  other. 
Sympathetic  vibration  may  be  produced  with  a  piano- 
forte    If  the  dampers  be  raised,  and  loud  musica 
sounds  be  uttered  in  the  neighbom-hood  a  ^""J^er  o 
strings  may  be  heard  humming.    Each  stung  has 
Iked  out  of  the  mass  of  sound  the  particular  vibni- 
Lns  to  which  it  is  tuned,  and  is  sounding  m  harmony 
with  it.     The  strings  have  analysed_  the  complex 
sound,  and  the  separate  strings  set  into  vibration 
indicate  its  difi"erent  elements.  ^   .  -a 

This  phenomenon  is  of  the  utmost  significance  m 
phvsioloc?y,  since  it  afi^ords  the  basis  of  the  theory  of 
J^e'  peiceiion  of  musical  sounds.    The  comp  ex  mass 
of  siund  is  conveyed  to  the  inner  ear,  m  ^  ^h  there 
are  supposed  to  be  delicate  structures  which  wU 
vibrate^  hi  harmony  with  particular  vibrations,  and 
wit    none  other.    The  ear,  in  this  ^dew,  becomes  an 
Analytical  oroan,  and  separates  the  complex  sound 
S^Seme^ts:    An  inlpre^ion  is  thus 
nerve  fibril  in  connection  with  each  delicate  Mbiating 
ody  and  the  separate  impulses,  carried  to  the  cent  ;e 
n  tiie  brain  are  fused  again  into  a  complex  sensation. 
The  trained  musician  can,  to  some  extent,  become  con- 
Jctis  of  tSe  analysis,  and  thus  can  distinguish  in  the 
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body  of  the  sound  many  of  its  elements ;  while  the 
untrained  person  becomes  conscious  only  of  the  fused 
whole,  is  aware  only  of  the  synthesis  and  not  of 
the  analysis.  The  details  of  this  theory  must,  how- 
ever, be  sought  in  the  systematic  text-books.  It  is 
referred  to  here  only  to  show  how  a  knowledge  of 
the  physical  aspect  of  the  problem  is  necessary  to  a 
good  comprehension  of  the  physiological  process. 

Resonance.— Sympathetic  vibration  otTers  an 
explanation  of  another  remarkable  occurrence  Take 
a  tuning  fork  (b,  Fig.  190)  and  cause  it  to  vibrate  by 
drawing  a  bow  across  it,  or  by 
striking  it  (the  former  pre- 
ferably), the  sound  emitted 
will  be  very  feeble,  and  will 
be  heard  only  when  the  ear  is 
close  to  it.    Hold  it  now  close 
to  the  mouth  of  the  tall  jar  a, 
still   the    sound    is  feeble. 
Then  from  a  jug  pour  water 
slowly  and  as  noiselessly  as 
possible  into  the   jar.  The 
sound  will    be    slightly  in- 
tensified, till,  when  a  certain 
quantity  of  water  has  been 
added,  the  amount  being  de- 
pendent upon  the    pitch  of 
the    fork,    the    sound  will 
become  greatly  intensified  so 
as  to  be  heard  over  a  con- 
siderable distance     Go  on  pouring  in  n,ore  water, 
the  loudness  of  the  note  will  slowly  diminish,  till 
1    again  becomes  almost  inaudible.      It  is  evident 
that  when  the  column  of  air  in  the  jar  is  of  a  par- 
ticular length  It  intensifies  the  sound  of  the  fork  If 
one  could  blow  across   the   mouth   of  the    iar  so 
as  to  throw  the   air  into  vil,ration,  tlie  jar  itself 


rig.  190.— Resonance. 
Till.'  fork  is  rerresented  as  if 
tnucLiiiK  tlie  rdyo  of  tlic 
J.'ir-  ThKs  sboiild  not  hi-  so. 
nyimm  nisi)  lie  lioltcr  turned 
jvitli  tbe  front  of  tho  lijub 
facing  the  jar. 
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would  give  out  a  musical  note,  and  if  this  were  done 
when  the  column  of  air  was  just  the  length  to  mteu- 
sify  the  sound  of  the  fork  it  would  be  found  that  the 
two  sounds  were  precisely  of  the  same  pitck  ihe 
column  of  air  is  of  such  a  length  as  to  vibrate  m  har- 
mony with  the  fork.    Consequently  when  the  fork  is 
sounded  in  its  neighbourhood  it  sets  the  air  of  the  jar 
in  synchronous  oscillation,  and  thus  the  intensity  ot 
the  sound  is  increased.    The  term  appUed  to  the 
reinforcement  of  the  sound  is  resonance,  and  the  bocly 
which  reinforces  it  is  caUed  a  resonator.  ^   it  the 
column  of  air  be  shortened  or  lengthened  its  perioci 
of  vibration  is  no  longer  the  same  as  that  of  the  fork, 
and  the  intensification  is  not  produced.    Ihe  column 
of  air  in  the  jar  will  not  vibrate  in  harmony  witli 
any  fork  but  that  with  which  its  vibrations  agree. 
If  a  fork  of  another  pitch  is  brought  near  to  its  mouth 
it  is  dumb.    Now  each  limb  of  the  fork  moves  to  and 
fro  on  each  side  of  its  position  of  rest.    When  the 
limb  moves  outwards  it  produces  a  condensation  ot 
the  air  in  contact  with  it;  when  it  moves  inwards 
a  rarefaction  is  the  result.     The  condensation  travels 
through  the  air  in  the  jar  tiU  it  reaches  the  surface  of 
the  water,  by  which  it  is  reflected.     If  the  condensa- 
tion reaches  the  mouth  of  the  jar,  on  f ^^^^l^ 
iourney,  just  when  the  outward  excursion  of  the  limb 
of  the  fork  is  completed  and  its  recoil  is  about  to 
begin,  it  is  in  time  witli  it,  and  the  succeeding  rare- 
faction will  be  propagated  through  the  jar  and  ^Mll  be 
completed  when  the  outxvard  excursion  of  the  foik 
is  about  to  be  renewed,  and  a  second  condensation  to 
beSi     The  movements  in  the  jar  ai-e  thus  in  time 
Xthe  movements  of  the  fork.    The  condensation 
is  half  a  wave  length,  and  it  travels  through  the 
column  of  air  in  the  jar  twice,  once  downwards  and 
once  upwards,  so  that  the  leiigth  of  the  column  of 
air  in  tlie  jar  is  half  that  of  a  condensation,  i.e.  a 
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quarter  wave  lengtli.  If  the  column  of  air  were 
longer  tlie  condensation  would  not  Lave  travelled 
through  the  jar  till  after  the  recoil  of  the  fork  (the 
rarefaction)  had  begun,  and  thus  the  two  would  not 
harmonise.  Such  a  jar,  then,  open  at  only  one  end 
must  be  equal  to  a  quarter  the  wave  length  of  the 
vibration  of  the  fork  if  it  is  to  vibrate  in  harmony 
with  it.  If  a  fork  vibrating  more  rapidly  be  used, 
its  wave  length  is  shorter  and  a  shorter  column  of 
air  is  required  to  be  in  harmony  with  it.  This  may 
be  obtained  by  pouring  more  water  into  the  tall  jar 
till  the  proper  length  is  secured,  or  by  using  a  shorter 
jar.  The  column  of  air  in  a  tube  open  at  both  ends 
will  also  vibrate  in  harmony  with  a  given  sound.  A 
tube  open  at  both  ends  must  be  twice  the  length  of  a 
tube  closed  at  one  end,  in  order  to  vibrate  synchro- 
nously with  the  same  note.  A  tube  open  at  both  ends 
is  called  briefly  an  open  tube  or  pipe,  and  one  closed  at 
one  end  is  called  a  stop|jed  tube  or  pipe.  We  have  seen 
that  a  stopped  pipe  must  be  a  quarter  the  wave  length 
of  a  given  vibration  if  it  is  to  vibrate  in  harmony  with 
it,  so  an  open  pipe  must  be  half  the  wave  length  to  be 
m  harmony.  If  an  open  pipe  is  the  same  length  as 
a  stopped  pipe,  it  will  vibrate  in  harmony  with  the 
octave  of  the  note  of  the  stopped  pipe,  for  it  can  only 
be  half  the  wave  length  of  a  vibration  which  is  half  as 
short  as  that  to  wliich  the  stopped  pipe  responds  ; 
that  is,  the  vibration  to  which  the  open  pipe  responds 
must  have  twice  the  rapidity  of  the  vibration  of  the 
note  to  which  the  stopped  pipe  responds ;  it  must  be 
its  octave. 

_  Forms  of  i-csonatovs — The  fact  of  resonance 
IS  made  use  of  for  practical  purposes.  Thus,  tuning 
forks  are  usually  mounted  upon  boxes,  of  such  a 
length  that  the  column  of  air  in  the  box  will  vibrate  in 
harmony  with  the  note  of  a  particular  fork,  and  with 
none  other.    Tlu;  sound  is  thus  rendered  audible  to  a 
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Pig.  191  — Tunins?  Fork 
mounted  on  Jlesou- 
auce  Box. 


large  number  of  people,  while  otherwise  it  would  be 
heard  only,  by  those  close  to  the  fork.    Fig.  191  shows 
such  a  timing-fork  mounted  on  its 
resonator.    The  box  may  be  open 
at  both  ends,  or  closed  at  one. 
As  we  have  seen,  if  one  end  be 
closed,  the  box  must  be  equal  to 
a  quarter  the  wave  length  of  the 
sound  it  is  to  reinforce,  and  a  half 
the  wave  length  if  both  ends  be 
open.    A  resonator  may  take  the 
form  of  a  pyramidal  pipe  open  at 
both  ends.     One  of  Helmholtz's 
resonators  is  shown  in  Fig,  19'2.     It  consists  of  a 
brass  box  of  globular  form,  with  two  openings  op- 
posite one  another,    one    of  them  much  narrower 
than  the  other.    They  are  made  of  various  sizes  ;  the 
smaller  ones,  generally  speaking,  will  harmonise  with 
notes  of  higher  pitch  than  the  larger, 
but  each  one  will  respond  to  a  note 
of  one  dehnite  pitch  only.  Now 
suppose  an  orchestra  to  be  playing, 
let  a  person  take  one  of  these  re- 
sonators  and   place  it  at  the  side 
of  his  head,  so  that  the  small  end 
enters  the  external  canal  of  the  ear. 
If  the  note  to  which  the  resonator 
is  tuned  be  sounded  in  the  orchestra,  the  resonator 
will  immediately  pick  it  out,  and  vibrate  in  harmony 
with  it,  and  the  person  will  hear  this  note  suddenly 
burst  out  with  great  force.    Let  him  take  another,  it 
also  will  select  its  own  note,  and  intimate  its  produc- 
tion by  its  resonance.    No  matter  how  complex  the 
body  of  sound,  the  resonator  cannot  be  deceived. 
With  inevitable  precision  it  selects  the  note  to  which 
it  corresponds,  and   vibrates  in  hannony  with  it. 
How  resonators  can  be  made   use  of  to  analyse 


Fig.  192.— Resonator 
of  Helmholtz. 
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sounds  will  thus  be  evident.  This  will  be  referred  to 
immediately. 

The  sounds  produced  by  an  organ-pipe  are  due  to 
resonance.  Such  a  pipe  is  shown  in  Fig.  193.  It 
consists  of  a  tube,  open  or  closed  at  the  upper  end,  as 
the  case  may  be.  The  lower  end  terminates  in  a 
part  of  a  construction  similar  to  what  may  be  seen 
in  an  ordrnary  whistle,  and  called  the  embouclmre. 
Air  is  blown  in  by  a  narrow  pipe,  and  enters  a  small 
chamber  separated  from  the  body  of  the  pipe  by  a 
wedge  of  wood  except  for  a  narrow  slit  i  through  which 
the  compressed  air  jjasses.  The  air,  issuing  in  a  thin 
stream,  strikes  against  a  sharp  edge  projecting  from  the 
wall  of  the  pipe  inside  of  a  rectangular  window  bo  in 
the  lower  part  of  the  pipe,  through  which  the  broken 
air  passes  to  the  outside.  The  air  is  thus  broken  up 
into  pulses,  and  the  pipe  is  tuned  to  take  up  some 
one  pulse  and  vibrate  in  harmony  with  it.  Thus  by 
altering  the  length  of  the  tube,  everything  else 
remaining  the  same,  the  pitch  of  the  note  of  the  pipe 
will  be  altered ;  it  resounds  now  to  a  shorter  or  lono-er 
pulse  than  before. 

That  the  air  in  the  organ-j^ipe  is  thrown  into 
vibration  may  be  shown  in  various  ways.  If  a  light 
ring,  covered  with  membrane  on  which  sand  is  strewn, 
be  lowered  into  an  open  sounding  organ  pipe,  the 
pattering  sound  of  the  .sand  on  the  membrane'  will 
iiidicate  the  agitation  of  the  air  in  the  pipe.  If  the 
pipe  be  sounding  its  fundamental  note  a  node  will  be 
found  at  the  centre  and  ventral  segments  at  each  end. 
When  the  membrane  is  lowered  to  the  middle  the 
noise  of  the  agitated  sand  ceases,  to  be  again  resumed 
if  the  membrane  be  raised  or  lowered.  The  same 
thing  may  be  shown  in  a  still  more  remarkable  way. 
A  small  circular  opening  is  made  in  the  side  of  the 
organ-pipe ;  over  tliis  is  fixed  a  small  wooden  box  m 
(Fig.  19;3),  with  aii  indiiirubber  floor,  the  indiarubber 
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covering  the  aperture  in  tlie  pipe.  To  the  front  of  the 
box  are  connected  two  narrow  tubes,  to  one  of  which 
an  indiarubber  tube,  conveying  gas,  is 
attached,  to  the  other  a  small  _I  -shaped 
tube  terminating  at  the  upper  extremity 
in  a  fine  point  vi.  Gas  enters  the  little 
chamber  by  one  tube  and  leaves  by  the 
J,    other,  at  which  it  is  lighted,  and  a  fine 

0  tongue  of  flame  is  produced.    Now  at 

1  the  centre  of  the  pipe,  sounding  its 
fundamental  note,  the  gi'eatest  changes 
in  density  will  occur.  When  the  density 

Viv^^"^"""  is  greatest  the  indiarubber  wall  of  the 
gas  chamber  Avill  be  forced  outwards 
from  the  organ-pipe,  and  when  the  density  is  least  it 
will  be  forced  inwards  by  the  pressure  of  the  outer 
air.  Agitations  of  the  gas  in  the  chamber  will  be  pro- 
duced, and  agitations  of  the  flame.  Experiment  con- 
firms this,  for  the  flame  may  be  extinguished  when 
the  note  of  the  pipe  is  sounded.  If  other  ^  gas 
chambers  be  connected  with  the  pipe  towards  either 
extremity,  the  flames  will  be  aflected,  but  not  nearly 
to  the  same  extent. 

The  analysis  of  sound— "By  means  of  such 
gas  jets  as  have  been  described,  and  with  the  aid  of 
resonators  of  Helmholtz,  an  analysis  of  a  complex 
sound  may  be  made.  Fig.  194  shows  Koenig's  appa- 
ratus for  the  analysis  of  a  compound  tone,  by  means 
of  manometric  flames.  It  consists  of  eight  resonators, 
the  largest  vibrating  with  256  vibrations  per  second, 
ut=  (do-)  ;  and  of  the  first  seven  of  its  liarmonics, 
numbers  1  (ut'),  2,  3,  4,  etc.  From  the  narrow 
aperture  of  each  resonator  a  narrow  hidiarnbber  tube 
leads  to  a  small  chamber  divided  into  two  by  an 
indiarubber  partition.  The  air  on  one  side  of  this 
partition  is  in  communication  with  the  air  in  the 
resonator.    On  the  other  side  of  the  partition  is  gas, 
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led  tliither  from  an  ordinary  gas-pipe,  and  from  this 
side  of  tlie  chamber  is  a  little  bm-ner  similar  to  that 
already  described  (Fig.  193).  Each  resonator  is  con- 
nected in  this  way  with  its  own  gas  chamber  and 
iDurner,  and  the  lear- 
ners ai-e  all  placed  in 
a  row  one  above 
another,  as  .shown  in 
Fig.  194.  Now  if  the 
air  in  any  one  resona- 
tor be  agitated,  the 
indiarubber  partition 
of  the  chamber, 
separating  gas  on  one 
side  from  air  continu- 
ous with  the  resonator 
on  the  other,  will  be 
thrown  into  vibration, 
the  gas  and  the  flame 


by 


194.— Analysis   of  Sound 
Koenig's  Apparatus. 

will  both  be  agitated. 

The  agitation  of  the  flame  will  be  perceptible  to  the 
naked  eye  by  its  becoming  thinner  and  bluer.  By  a  de- 
vice due  to  Wheatstone,  this  may  be  rendered  more 
striking.  Opposite  the  eight  gas  burners  is  a  long  mirror 
with  four  reflecting  sides,  at  right  angles  to  one  another. 
This  may  be  revolved  on  an  almost  perpendicular  axis, 


gas  issuinjT 


by  a  tootlied  wheel  arnxngement.  If  the 
from  the  burners  be  lighted,  and  the  mirror  rovolvoci^ 
theliglit  reflected  from  the  four  surfaces  of  tlie  mirror 
gives  the  impression  of  a  continuous  band.  If  the 
flame  be  agitated  the  revolutions  of  the  mirror  separate 
out  each  movement,  and  the  l)and  of  flame  is  now 
segmented  (Fig.  194,  a  h).  There  are,  tlien,  eight 
flames,  one  corresponding  to  each  resonator;  in  the 
revolving  mirror  are  seen  eight  bands  of  flame.  If 
any  one  flame  be  agitated  it  is  at  once  detected  by 
the  segmentation,  as  seen  in  the  mirror  ;  so  that  if 
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the  air  in  any  one  of  the  eight  resonators  be  thrown 
into  vibration,  the  fact  will  be  revealed  in  the  muTor 
by  the  segmentation  of  the  corresponding  flame  band. 
Now  if  a  tuning-fork,  vibratbig  256  times  per  second, 
be  sounded  in  the  neighbourhood  of  the  apparatus, 
the  flame  belonging  to  the  largest  resonator  will  be 
seen,  on  rotation  of  the  mirror,  to  be  segmented  ;  but 
none  of   the   other  flames  will  be  afi'ected  if  the 
tuning-fork  has  been  properly  bowed,  for  forks  give 
pure  sounds.    Similarly  the  octave  of  the  first  fork 
will  afiect  the  second  resonator,  and  none  other.  If, 
however,  the  note  of  the  middle  0  of  the  pianoforte 
be  sounded  in  the  neighbourhood,  the  lowest  resonator 
will  be  afi'ected  and  also  some  of  the  higher,  mdicatmg 
the  mixture  of  harmonics  with  the  fundamental  tone. 
A  note  of  the  same  pitch  produced  by  a  violm  will 
aftect  others  of  the  higher  resonators  along  with  the 
lowermost  one.    Thus  an  optical  demonstration  is 
criven  of  the  fact  that  quality  is  dependent  upon  a 
mixture  of  harmonics  with  the  primary  tone  and  thus 
also  the  harmonics  which  determine  the  quality  ot  the 
notes  of  a  particular  instrument  may  be  deteimiued. 
The  same  apparatus  can  be  made  to  smgle  out  the 
harmonics  of  the  human  voice  if  a  note  of  the  pitch 

C  be  sung  near  it.  . 

The  production  of  the  voice  is  readily  undei- 
stood  by  such  facts  as  have  been  considered.  The 
continuous  current  of  air  issuing  from  the  lungs  is 
broken  u,)  into  separate  pufls  by  the  vibrations  of  the 
vocal  cords.  The  cords  in  this  respect  act  the  part 
of  reeds.  The  rapidity  of  the  vibrations  are  deter- 
mined by  the  length  and  tension  of  the  cords.  How 
r  pitch  of  the  voice  is  aflected  by  the  varj^g 
lengths  of  the  vocal  cords  m  children,  and  in  adult 
mafes  and  females  is,  therefore,  apparent.  It  is  a  so 
evident  how  the  action  of  the  cr^co-tl,yro^d  muscles 
in  depressing  the  thyroid  cartilage  will  increase  the 
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teiision  of  the  cords,  and  so  elevate  the  pitch,  while 
the  action  of  the  thyro-arytenoid  muscles  will  have 
a  reverse  effect  by  pulling  up  the  thyroid  cartilage, 
and  lessening  the  tension  of  the  cords.    In  the  pro- 
duction of  tones  of  very  high  pitch,  doubtless  the 
overlapping  of  the  posterior  parts  of  the  cords  by  the 
action  of  the  lateral  crico-arytenoid  muscles,  aided  by 
the  arytenoid  muscles,  wHl  have  some  effect  by  limit- 
ing the  vibrations  to  a  smaller  part  of  the  cords 
VVhile  pitch  IS  regulated  in  such  ways,  loudness  is 
allected  by  the  greater  or  less  degree  of  force  of  the 
outgoing  current  producing   movements  of  greater 
or  less  amplitude.    All  this,  however,  as  it  appears, 
IS  but  a  small  and  elementary  part  of  the  production 
of  voice.    The  larynx  above  the  cords,  the  pharynx 
and  the  cavities  of  the  nose  and  mouth  play  a  verv 
important  part  in  the  process.    They  act  the  part  of 
resonators,  and  reinforce  the  sound  of  one  or  other  of 
the  overtones  produced  by  the  vibrations  of  the  cords 
I^ow  these  resonating  passages  and  cavities  are  not 
ot  a  hxed  shape  or  size,  but  can  be  altered  in  various 
^vays,  so  as  to  be  capable  of  resounding  now  to  one 
note  now  to  ax.other.    Helmholtz  remarks  that  they 
admit  'of  much  variety  of  form,  so  that  many  movi 
qualities  of  tone  can  be  thus  produced  than  i^n  any 
instrument  of  artificial  construction."    Thus  the  form 
o  the  air  passages  above  the  cords  will  determine  the 

b  t  Sol'°.r  '  ^^^^^^-'^^^  individuals, 

but  also  for  the  same  individual  at  different  times 

£he  important  part  played  by  these  resonating  pas- 
o/?he  y  Helmholtz's  elaborate  investigates 

on  the  production  of  vowel  sounds.    The  dffferent 

IS    w    n  tZT"""  ''"''^r  P^^- 
note  aS  with  T  fundamental 
note,  and  with  the  same  intensity.    The  onlv  dUVnv 
ence  necess^-y  i.s      the  form  of  tZ  mouth.  To  itt; 
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the  production  of  one  vowel  the  mouth 
resonator  for  a  particular  harmonic,  and  for  the  pro- 
duction of  another  vowel  a  new  form  will  be  given  to 
it  ?or  the  reinforcement  of  a  different  overtone  of  the 
vibrating  cord.  This  may  be  shown  with  the  aid  of 
ELoenig's  manometric  flames  ^l^eacy  <iescribed  An 
Wvsi^  so  conducted  has  revealed  differences  m 
r  Cwel  sounds,  which  may  be  briefly  stated  as 

^"^^"^'"rhe  vowel  A  contains,  besides  the  fundamental 
note,  the  second  harmonic  feeble,  the  third  strong, 

^^^J'/h^rlL'tndLnen^^^  note  feeble,  the  second 
harmonic  rather  strong,  the  third  feeble  ;  on  the  o  her 
hand,  the  fourth  is  very  strong  and  the  h  th  feeble 
"  I  has  very  high  harmonics,  especially  the  Mtli, 

-^"^^^  fundamental  note  the  second 
harmonic  very  strong,  and  the  third  and  fourth  hai- 

"°trKi;.osed  of  the  fundamental  note  very 
strong,  and    the   third    harmonic    sufliciently  pio- 

"''TiuAt  is  evident  that  a  knowledge  of  the 
Bhvsics  of  sound  is  necessary  for  a  proper  appreciation 
of  the  action  of  the  ear  in  perceiving  sounds,  and  of 
acttn  of  the  vocal  apparatus  ui  producing 
sounds. 
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HEAT. 

CHAPTER  XXXIV. 

THE  NATUKE  AND  SOURCES  OF  HEAT. 

IVatiirc    of  heat.— Just  as,  according  to  the 
tlipory  espoused  by  Newton,  light  was  supposed  to  be 
clue  to  materia]  particles  emitted  by  a  luminous  body 
which,_  travelling  through  space,  reached  the  eye,  and 
by  their  impact  gave  rise  to  a  sensation  of  liaht  so 
heat  was  by  many  supposed  also  to  be  an  actual 
substance.    By  these  heat  w^as  held  to  consist  of 
atoms  which  had  the  power  of  forcing  their  way  into 
the  substance  of  bodies,  and  so  attacking  them  as  to 
dissociate  their  particles  from  one  another,  and  pro- 
duce,  m  consequence,  the  liquid  or  gaseous  sta',. 
Ihe  entrance  of  the  heat  atoms  into  a  person's  br 
produced  the  sensation  of  heat,  and  their  exit  th  • 
cold.    Cahnc  was  the  name  given  to  the  materia;  i 
Jieat.     Yet  the  material  view  of  heat  was  not  imiv 
sally  accepted,  and  many  philosophers  entertained  the 
notion  that  heat  was  not  a  thing  but  a  motion,  espe- 
cially Bacon,   Boyle,  Hooke,  Rumford,    Davy     '  1 
Thomas   Young.      The  modern  view  regards 
hke  light  and  .sound,  as  a  mode  of  motion.  1 
dynamical  theory  of  heat,  as  it  is  called,  is  the  ela' o' 
ration  of  recent  years,  and  of  such  men  as  Professr  . 
i^.   Clausuis  of  Zurich,  Rankine,  and    Sir  Willian, 
Thomson  of    Glasgow;   but    it    was  suggested  l!y 
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Mayer,  a  physician  of  Heilbronn,  m  1842  and 
experimentally  demonstrated  by  Joule,  of  Manchester, 

According  to  the  theory,  mechanical  enei-gy  is 
capable  of  being  converted  into  heat,  and  heat  into 
mechanical  energy,  the  amonnt  of  one  "^-^-^  ^^^^fl 
determined  by  the  amount  of  the  other.    The  conver 
tn  of  mechLncal  energy  into  heat  is  e^ibi  ed  ui 
many  well-known  occurrences.     The  Pl^f 
heat  by  friction  is  one  of  the  commonest  lustrations^ 
Thus,  the  rapid  twirling  of  a  pointed  stick  on  a  piece 
of  hard  wood  is  the  method  pursued  V  -vages  foi 
obtaining  fire,  while  everyone  knows  that  the  heat 
deXd  by 'the  friction  of  the  various  parts  of  a 
machine  is  one  great  cause  of  loss  of  power.  ine 
rmmering  of  a  mass  of  metal  on  an  anvil  involves 
?he  expenditure  of  a  large  amount  of  energy,  but  the 
hammered  metal  is  found  to       --tilX  WhSn 
end  of  the  process  than  it  was  at  the  beginning.   W  hen 
atilJhig  stLe  is  suddenly  stopped  by  concussion  with 
sometlifn-  which  destroys  its  motion,  the  energy  o 

f  me  butt  wUch  hits  a  target  is  not  los^  « 

„ster  in  the  way  "f-^^li^.^  Jf„f 'li te  dri^ 
means  of  a  pair  of  W'";™'/ n,e  needle  of 
r^J^^rtefimrjXctS'i;;-':  direction  that 
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indicates  heating  of  the  junction  against  which  the 
current  was  directed.  The  energy  required  to  com- 
press the  air  and  drive  it  out  of  the  bellows  has 
partly  heated  the  air.  The  converse  experiment, 
the  transformation  of  heat  into  mechanical  energy, 
has  leen  beautifully  shown  by  an  experiment  of 
Tyndall's.  Air  was  compressed  in  a  small  metallic 
box  by  means  of  a  pump,  and  the  stopcock  then  closed. 
Heat  was  developed  in  the  process.  By  letting  the 
box  stand  for  a  time  the  heat  disappeared.  The 
stopcock  was  then  opened,  and  the  current,  expelled  by 
the  force  of  the  compressed  air,  was  directed  against 
a  face  of  the  thermopile,  which  indicated  cooling  by 
a  deflection  of  the  needle ;  the  expansion  of  the  air 
had  used  up  heat. 

But  there  is  a  definite  relationship  between  the 
mechanical  energy  and  the  amount  of  heat.  This 
relationship  Joule    worked    out,    and    called  "the 
mechanical  eqxiivalent  of  heat."    He  used  a  weight 
which  was    permitted  to   fall   a   certain  distance. 
During  its  fall  it  turned  a  brass  paddle-wheel,  rotating 
about  a  vertical  axis  in  a  copper  vessel  filled  with 
water.    The  agitation  of  the  water  by  the  wheel 
raised  the  temperature,  the  increase  of  temperature 
bemg  measured  at  the  conclusion  of  the  expermient. 
He  found  that  by  permitting  a  weight  of  1  pound 
to  fall  through  a  distance  of  772  feet  sufficient  heat 
was  generated  to  raise  the  temperature  of  1  pound 
of  water  Y  Fahr.    The  work  done  is  that  of  a  weight 
ot  1  pound  falling  through  a  distance  of  772  feet  or 
what  is  the  same  thing,  772  pounds  falling  through  a 
distance  of  1  foot.    This  is  expressed  shortly  by  the 
phrase  772  foot-pounds.    The  same  amount  of  work 
would  be  required  to  raise  1  pound  772  feet  hicr],  or 
7^2  pounds  1  foot  high.    This  amount  of  work,''th'en 
IS  equivalent  to  an  amount  of  heat  sulKcient  to  raise 
the  temperature  of  1  pound  of  water  V  Fahr.  But 
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tlie  amount  of  heat  necessary  to  raise  the  temperature 
of  1  pound  of  cold  water  1°  Fahr.  is  called  the  unit  ot 
heat,  so  that  the  unit  of  heat  is  equal  to  mechanical 
work  measured  by  772  foot-pounds.    If,  instead  ot 
the  Fahrenheit,  the  Centigrade  scale  be  used,  then  the 
amount  of  heat  necessary  to  raise  the  temperature  ot 
1  pound  of  water  1°  0.  is  equivalent  to  1,392  loot- 
pounds  mechanical    work.     The  unit  of    heat  or 
ihermal  unit,  may  also  be  measured   on  other 
scales.    Thus  by  French  measure  it  would  be  tiie 
amount  of  heat  required  to  raise  the  temperature  ot 
1   gramme,  or  1  kilogramme,  of  water  1    O.,  ana 
corfld  be  estimated  by  its  equivalent  of  mechanical 
work  necessary  to  raise  so  many  grammes  or  kiio- 
trrainmes  so  many  metres  high. 

In  French  measure  the  unit  of  heat,  or  caloiie, 
as  it  is  called,  is  the  quantity  of  heat  necessary  to 
raise  the  temperature  of  1  kilogramme  of  water  from 
0°  to  r  C.  Joule's  equivalent  becomes  then  m 
French  measure  the  work  performed  by  raising  4:^4 
kilogrammes  1  m^tre  high,  which  is  expressed  shortly 
by  saying  that  1  calorie  is  equal  to  424  kilogram- 

Heat  is,  then,  a  mode  of  motion,  a  form  of  energy. 
When  a  falling  body  reaches  the  ground  its  energy  is 
not  destroyed,°it  is  only  transformed;  the  lno^Jment 
of  the  body  as  a  mass  becomes  transformed  into 
movements  of  the  atoms  of  the  body,  one  manifesta- 
tion of  which  is  the  development  of  heat. 

Sources  of  hcat.-As  has  been  seen,  mecha- 
nical work  of  all  kinds  may  be  sources  of  heat. 
'^1  ere  are  also  chemical  sources  of  heat ;  w^ierever 
chemical  combination  occurs,  heat  is  produced.  The 
combination  is  due  to  ailinity  of  two  -b^^ance  for 
one  another  So  Tyndall  represents  the  mutually 
attracdng  atoms  as  "rushing  together,  -d  acquiring 
while  crossing  the  insensible  ii^terval  which  separates 
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tliem,  the  velocity  with  wliich  they  strike  each  other. 
That  this  velocity  is  enornious  is  proved  by  the 
amount  of  heat  which  it  generates."  "  When  the 
atoms  clash  they  recoil,  and  the  subsequent  ti'emulous 
motion  is  one  form  of  heat."  When  the  heat  j)ro- 
duced  by  the  combination  is  sufficiently  great,  light 
is  also  produced,  and  combustion  occurs.  In  most 
cases  of  combustion  the  chemical  combination  is  of 
some  substance  with  the  oxygen  of  the  air,  and  as 
the  affinity  for  oxygen  is  great  so  is  the  heat  pro- 
duced intense. 

If  heat  is  evolved  when  two  bodies  enter  into 
combination,  heat  ought  to  disappear  when  the  bodies 
are  severed  from  their  combination,  when  decom- 
position is  effected.  This  is  the  case:  the  heat  lost 
in  chemical  decomposition  is  exactly  equal  to  that 
generated  by  combination. 

The  amount  of  heat  produced  by  the  combination 
of  a  substance  with  oxygen  is  always  constant.  No 
matter  whether  the  body  be  oxydised  immediately,  or 
in  various  stages,  the  total  amount  of  heat  disengaged, 
till  the  process  is  complete,  is  always  the  same.  Thus 
a  given  amount  of  carbon  will  always  unite  with  a 
definite  amount  of  oxygen  to  produce  carbonic  acid  gas, 
and  will  evolve  the  same  amount  of  heat  whether  the 
process  be  sudden  or  slow.  So  it  is  possible  to  deter- 
mine once  for  all  the  amount  of  heat  produced  by  the 
oxydation  of  certain  quantities  of  given  substances. 
Tims,  the  heat  generated  by  the  combustion  of  1 
pound  of  hydrogen  would  raise  the  temperature  of 
34,462  pounds  of  water  P  C.  ;  1  pound  of  wood 
charcoal  would  raise  the  temperature  of  8,080  pounds 
of  water  1°  C,  and  oxide  of  carbon,  2,403  pounds. 
The  following  table  of  Favre,  Silbermann,  and 
Frankland  shows  the  amount  of  heat  (in  heat  units) 
disengaged  by  the  oxydation  of  1  j)ound  of  variou.s 
food  stufls,  etc.    The  substance  was  first  dried  and 
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then  completely  burnt.  The  table  is  of  great  interest 
from  a  physiological  point  of  view. 


Potatoes 

Albumen 

CabLage 

Carrot 

Bread 

Sugar 

Eioe 

Starch 

Ham  (lean) 

Yeal  (lean) 

Milk 

Beef  (lean) 


3-  752 

4-  998 
3-776 
3-967 
3-984 
3-277 

3-  813 

5-  000 

4-  343 

4-  514 

5-  093 
,  5-313 


Cheese  (Chester) 
Yolk  of  egg 
Alcohol 
Stearin 
Pabnatin 
Olein 
Glycerine 
Leucin 
Kreatin 
Urea 
Uric  acid 
Hippuric  acid 


6-114 
6-460 

8-  958 

9-  036 
8-883 
8-958 
4-175 
6-141 

4-  118 
2-206 
2-615 

5-  383 


The  greatest  source  of  heat  is,  of  course,  the  sun, 
■which  not  only  gives  us  heat  directly  by  its  rays,  but 
indirectly,  since  the  organic  substances,  by  burning 
which  we  obtain  what  heat  we  desire,  could  not  have 
been  formed  but  for  the  influence  of  the  sun's  heat. 

Heat  is  also  produced  in  capillary  actions. 


CHAPTER  XXXV. 

CONDUCTION,  CONVECTION,  AND  RADIATION  OF  HEAT. 

Conduction  of  heat — If  the  end  of  a  rod  of 

copper  be  thrust  into  a  fire,  very  soon  not  only  the  end 
in  the  fire  will  become  warm,  but  the  other  end  also. 
The  heat  will  be  propagated  from  one  end  of  the  bar 
to  the  other,  the  tendency  being  to  make  the  whole 
bar  of  the  same  temperature.  If  a  second  bar  be 
placed  in  contact  with  the  outer  end  of  the  first,  the 
heat  will  be  passed  on  to  it  also.  By  the  dynamical 
theory,  as  we  have  seen,  this  propagation  of  heat  by 
conduction  is  not  a  transference  of  matter,  but  a 


Chap.  XXXV.]     Conduction  OF  Heat.  4^7 

transference  of  movement.    The  particles  of  the  part 
of  the  rod  that  is  in  the  fire  are  thrown  into  vibra- 
tion more  or  less  vigorous,  according  to  the  heat  of 
the  fire,  and  the  vibration  of  these  particles  is  com- 
mumcated  to  others  in  their  neighbourhood,  till  all 
the  particles  of  the  bar  are  thrown  into  oscillation 
All  substances  do  not  conduct  heat  with  the  same 
facility.    Copper   is  a  specially  good  conductor  of 
heat;  iron  is  not  such  a  good  conductor;  while  stone 
glass,  and  organic  substances,  wood,  hair,  feathers' 
etc    are  bad  conductors.    Liquids  and  gases  have 
feeble  conducting  power.    The  difference  in  the  con- 
ducting power  of  different  substances  is  measured  bv 
the  quantity  of  heat  that  will  pass  in  a  unit  of  time 
r!i'''*  substance  of  unit  thickness 

with  i    difference  of  temperature  between  the  sur- 

Sr^LJi''"'"'"  "-^^--^ 

Wood  and  brick  have  a  less  conducting  power 
than  stone;  they  are,  therefore,  best  for  hou.se  build- 
mg,  where  it  is  desired  to  conduct  heat  either  out- 
wards or  inwards  as  little  as  possible.  Accordin<.  to 
P.umford,  the  fur  of  the  hare  conducts  least  of'aU 
substances  used  for  clothing.  Following  it  comes 
eider-down,  silk,  wool,  cotton,  and  hemp."  TheTac 
tical  application  of  these  facts  is  apparent.  What  is 
cal  ed  warm  clothing  is  so  because  it  prevents  he 
outward  passage  of  the  heat  of  the  bodv,  at  least  by 

iea.son  of  the  preference  for  woollen  clothin-  in  cold 
jeather  is  apparent.    But  woollen  clothing  ViU  not 
on  y  prevent  the  passage  of  warmth  outward  fron 
the  body,  It  will  also  prevent  the  passa<^e  of  he^t 
inward.s  to  the  body.    An  exan.ple'of  tins  is  een 

to  prevent  it  thawing.  It  may  be  packed  in  sawdust 
for  the  same  purpose.    The  heat  is  not  coudu  ed 
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inwards  to  the  ice,  and  its  melting  is  delayed.  Wool- 
len clothing  is  not,  however,  used  in  hot  weather  to 
keep  the  external  heat  from  the  body,  for  a  reason 
that  is  very  apparent.    The  body  is  kept  cool  m  a  hot 
atmosphere  by  the  large  amount  of  heat  that  is  given 
off  from  its  surface  by  evaporating  the  sweat  and  in 
other  similar  ways.  It  is  not  by  keepiiig  the  heat  froni 
gaining  access  to  the  body  that  it  is  kept  cool,  but 
by  a  large  amount  of  heat  being  given  off     but  it 
the  body  be  enveloped  in  woollen  clothing  this  heat 
is  prevented  from  passing  off,  is  retamed,  and  the 
coolinc  does  not  occur.     In  hot  climates,  therefore, 
clothing  made  of  good  conductors  of  heat  is  sought^ 
This  is  the  reason  why  linen  materials,  which  condiict 
heat  better  than  woollen  substances,  are  used,  ine 
varying   conductivity   of    different    substances  also 
explains  why  two  bodies  at  the  -nie  temperature 
may  seem  to  the  touch  to  be  very  different.    A  piece 
of  iron  at  the  same  temperature  as  a  piece  of  wood, 
^viU  seem  colder,  because  it  condiicts  tl^ejie^t  ^on 
the  hand  more  readHy.    Again,  if  a  piece  of  metal 
and  a  iTece  of  wood  be  both  at  the  same  temperature, 
n  d  that  a  high  one,  the  metal  will  seem  to  be  much 
1  c^Lr  and  iSay  burn  the  hand,  while  the  wood  may 
be  Sd  w  thout  pain.    The  metal,  being  a  good  con- 
ductor, readily  cLmunicates  its  heat,  while  the  wood 

'^"convection  of  l.cat  is  to  be  distin.-ished 
from  conduction.  Convection  is  the  propagation  of  l  e^^ 
by  the  transference  of  heated  particles  rom  one  place 
to  another  Liquids  have  little  conductivity  fo  heat 
but  flss  of' liquid  will  .y-^i^J^f;7:,^;ro 
through  its  whole  substance,  if  exposed  to  a  source  ot 
This  is  due  to  convection  currents.    Ihus,  it 

becomes  heated  and  then  rises  to  the  suiface. 
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place  being  taken  by  a  cold  layei-,  which  in  turn 
becomes  heated,  and  rises,  to  be  replaced  by  another 
cold_  layer.  This  distribution  of  heat  throu-h  the 
liquid  by  convection  will  go  on  till  tlie  whole  mass  is 
of  one  temperature.  Gases  also  have  little  conductin<^ 
power,  but  can  also  distribute  heat  by  convectioir 
It,  m  a  mass  of  air,  one  stratum  be  heated,  a  current 
IS  produced,  the  heated  air  giving  place  to  colder. 
Ihe  trade  winds  are  examples  of  convection  currents 
m  air.  The  air  heated  at  the  equator  flows  to  both 
sides  and  high  in  the  atmosphere,  while  colder  cur- 
rents flow  towards  the  equator  and  lower  in  the 
atmosphere  to  take  its  place. 

Radiation  of  heat.— On  a  winter's  day  we 
may  feel  warmed  by  the  rays  of  the  sun,  even  althou-h 
tne  air  by  which  we  are  surrounded  is  below  the 
freezing  temperature.  As  soon  as  the  smallest  obstacle 
intervenes  to  cut  the  sun's  rays  ofl^  from  us,  we  feel 
the  sudden  withdrawal  of  heat,  although  the  sun's 
rays  may  be  cast  all  about  us.  We  do  not  feel  the 
warmth,  that  is  to  say,  unless  the  rays  are  directly 
falling  upon  us.  These  facts  show  that  the  warmth 
IS  not  communicated  to  us  by  the  air,  but  that  the 
•ays  from  the  sun  travel  through  the  air  without 
heatiug  It.    In  the  same  way,  if  we  stand  before  a 

short,  ? .    '  "'^'^"''^^  ■>  '^"^^  it  '^^^ 

shown  that  the  ,  v  surrounding  is  not  warm  enouo-h 

to  communicate  the  heat  experienced,  that  the  heat 

passes  from  the  fire  without  warming  the  air  thro  S 

^vlll  be  felt  by  the  hand  held  at  some  distance  from 

from  SpT^i'^'™-',,^'''  '^.^  thermometer  be  screened 
from  the  ball  it  will  not  indicate  any  high  ten.pera- 
t  ue.  A  lens  of  ice  can  be  made  to  focus  the  rays  of 
the  sun  upon  a  substance  to  set  it  on  fire   iust  as  a 

p.u  ted  to  tlie  ice  which  conveys  it. 
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Rumford  showed  that  a  thermometer  suspended 
in  a  globe  exhausted  of  air  was  affected  by  heat  out- 
side of  the  globe,  just  as  it  would  be  if  the  globe  were 
filled  with  air.     Heat  can  pass,  then,  through  a 
vacuum.    It  can  be  propagated  in  a  way  that  is 
neither  conduction  nor  convection,  by  what  is  called 
radiation.     Now  we  have   seen  that   air  is  not 
necessary  for  the  propagation  of  light,  which  is  held 
to  be  due  to  vibrations  of  a  subtle  elastic  ether  per- 
vading all  space.    By  the  vibrations  of  the  same 
ether,  heat  also  is  held  to  be  propagated,    bo  that 
heat  reaching  us  from  the  sun  or  from  any  other 
source  of  heat  is  independent  of  the  atmosphere 
and  travels  through  it  by  wave-like  movements  of 
ether  without  necessarily  affecting  it.    The  motion  is 
communicated  from  the  heated  body,  whose  particles 
are  in  a  state  of  vibration,  to  the  ether  by  which  it  is 
surrounded.    So  that  when  we  hold  our  hands  before 
a  fire,  and  experience  its  warmth,  we  are  to  imagine 
we  see  countless  waves  of  ether  breakmg  agamst 
our  hands,  and  throwing  their  sensory  nerves  into 
a  state  of  agitation,  which  we  become  aware  ot  as 
a  sensation  of  heat.    When  the  agitation  is  of  mod<^ 
rate  amount   it   is   pleasurable ;    when  it  becomes 
too  intense  it  is  painful,  and  we  have  the  sensa- 
tion of  burning.    Radiant  heat  is  subject  to  the  same 
laws  as  light.    It  undergoes  refraction  and  reflection 
as  light  does.    In  fact,  the  difference  between  light 
Ld  heat,  as  we  have  seen  (page  335)  is  that  the  vibra- 
tions of  light  are  much  more  rapid,  and  the  wave- 
Shs  shorter.    Thus  the  red  end  of  the  spectrum 
ancl  the  part  beyond  it,  are  rich  in  heat  rays  ^v^l"ch  ha^  e 
a  rapidity  too  slow  to  be  perceived  as  light  but  which 
can  be  shown  to  be  present  by  the  heating  effects. 
The  notable  experiment  of  heating  platinum  o  incaii- 
clescence  by  the  dark  rays  of  the  spectrum  has  been 
men  loned'^^page  335).    Even  as  the  dark  rays  of  heat 
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can  be  focussed,  so  they  can  be  reflected.  A  source 
of  heat  placed  at  a  distance  from  a  concave  mirror 
has  a  conjugate  focus  in  front  of  a  mirror,  and  if  an 
explosive  substance  be  placed  in  the  conjugate  focus, 
the  concentration  of  heat  at  that  point  is  speedily 
evident. 

Heat  rays  are  also  subject  to  interference  like 
light  rays. 

Absorption   and   emission   of   heat.— In 

other  ways  heat  rays  present  remarkable  analogies  to 
light  rays.   It  has  been  observed  how  certain  substances 
transmit  the  undulations  of  light,  and  how  others 
intercept  them,  the  former  being  called  transparent, 
the  \&ttev  opaque  bodies.    The  explanation  of  their 
action  is  that  certain  bodies  permit  the  vibrations  to 
pass  through  them  unafl^ected,  while  others  pick  out 
the  vibrations  and  thus  absorb  them.    We  have  seen 
also  how  this  explains  the   production  of  colour 
Various    substances  act  selectively  on  li^ht  rays 
which  consist  of  vibrations  of  various  lengths,  one 
subst^ance  selecting  vibrations  of  particular  lengths 
;^'hich  it  intercepts,  while  it  permits  others  to  mss' 
Ihus  a  piece  of  red  glass  permits  the  vibrations  of 

wav  rb-r'"'.  f  r^'°'^'  the  same 

way  different  bodies  act  differently  on  heat  rays. 

?noth    1^  permit  them  to  pass  unchallenged, 

another  body  will  intercept  them  wholly  or  partidiy 
Thus  glass  refuses  to  pass  on  heat  vibrations,  while 

IrtT  *°  P'^^^-         ^«  transparent  to 

ght  but  not  transparent  (that  is,  opaque)  to  heat 
Lock  salt  on  the  other  hand,  permUs  heat  rays  to 

pI  hLt  tn"'f "^^^  '-'■'''''y-  Water  itei- 
cepts  heat  to  a  large  extent,  so  also  does  a  solution 

way.    bo  that  if  the  beam  from  an  electric  lamp  be 
pa  sed  through  a  cell  of  alum  solution,  its  heaT  ra y 
will,  to  a  very  large  extent,  be  sifted  out,  while  the 
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light  rays  will  be  permitted  to  pass  ;  a  cell  of  bisul- 
phide of  carbon  will  intercept  neither. 

The  words  "transparent"  and  "opaque"  might, 
then,  be  appUed  to  bodies  according  to  their  conduct 
towards  heat  rays,  as  well  as  according  to  their  con- 
duct towards  light  rays.    To  avoid  confusion,  how- 
ever, two  other  words  are  used,  diathermanous  and 
athermanous,  the  former  being  applied  to  substances 
like  rock-salt,  which  permit  the  passage  of  radiant 
heat,  the  latter  being  applied  to  those  which  inter- 
cept the  heat.    To  put  it  in  another  way,  one  body 
transmits  heat,  the  other  absorbs  it.    Now  the  body 
which  transmits  heat  will  not  become  elevated  m 
temperature.    The  particles  of  the  body  have  no  sym- 
pathy, so  to  speak,  with  the  particular  vibrations 
which  are  the  cause  of  heat ;  they  are  not  in  tune 
with  them,  and  offer  no  response  to  then-  movements. 
On  the  other  hand,  the  particles  of  the  athermanous 
body  vibrate  in  harmony  with  the  heat  vibrations  ; 
they  thus  intercept  the  vibrations,  and  they  them- 
selves are  set  into  harmonious  oscillation.  Bodies, 
then,  that  absorb  heat,  are  elevated  in  temperature  by 
the  heat  they  absorb.    Their  own  particles  being 
thrown  into  oscillation,  they  will  tliemselves  become 
a  source  of  heat  and  will  radiate  it  outwards  just  in 
proportion  to  the  degree  with  which  they  absorb  it. 
This  offers  an  explanation  of  the  fact  noticed  at  the 
be<^inning  of  these  paragraphs  on  radiation,  that  heat 
rays  pass  through  air  without  raising  its  tempera- 
ture -  air  is  found  to  have  no  absorptive  power  towards 
heat  rays.    Tyndall  has  shown,  by  some  remarkable 
experiments,  that  while  air  is  diathermanous,  oletiant 
gas  is  peculiarly  opaque  to  heat  ray-s,  even  a  small 
amount  of  it  effectually  intercepting  them. 

The  close  connection  between  absorption  and  emis- 
sion of  heat  has  received  experimental  demonstration^ 
Glass  absorbs  heat ;  rock-salt,  generally  speuknig,  does 
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not.    A  piece  of  glass  and  a  piece  of  rock-salt,  heated 
to  the  same  temperature,  aflect  a  thermopile  in  their 
neighbourhood  very  diflerently.    The  needle  of  the 
thermopile  is  deflected  to  a  large  extent  when  the 
face  of  the  pile  is  opposite  the  glass,  and  to  a  much 
smaller  extent  when  opposite  the  rock-salt,  because 
the  latter,  which  feebly  absorbs,  also  feebly  radiates 
heat.    A  metallic  surface  absorbs  feebly,  a  surface 
coated  with  varnish  or  lamp-black  absorbs  readily. 
Accordingly  a  metallic  surface  will  radiate  less  than 
a  black-coated  surface.    Thus,   a  black  kettle  will 
radiate  more  freely  than  a  bright  metallic  kettle,  and 
will  consequently  cool  faster.    Tyndall  has  corrobo- 
rated experiments  by  Leslie  and  Melloni,  which  prove 
that  colour  has  not  the  eflect  on  absorption  and  radia- 
tion that  is  generally  supposed.    The  blackened  sur- 
face of  a  warm  cube  radiated  as  much  heat  to  a 
thermopile  as  another  surface  of  the  same  cube  coated 
with  whitening,  and  the  bulb  of  a  thermometer  coated 
with  alum   absorbed  more  radiant  heat  than  the 
bulb  of    another  thermometer    coated  with  iodine 
powder,  which  was  almost  black.    The  white  layer  of 
alum  was  more  absorbent  tlian  the  black  layer  of 
lodme.    The  influence  of  colour,  therefore,  is  less 
than  is  supposed.    A  white  surface,  certainly  re- 
flects the  light,  while  a  black  surface  absorbs  it  • 
but  It  IS  not  to  be  supposed  that  the  white  similarly 
reflects  the  heat  rays,  since,  as  has  been  seen,  the 
most  intensely  heating  rays  are  invisible  rays,  and 
not  necessarily  thrown  ofl'  with  tlie  visible  light  rays 
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THERMOMHTRY. 

JGxpaiision  by  heat. — The  action  of  heat  causes 
gaseous,  liquid,  and  solid  bodies  to  expand.  Gases 
expand  most,  solid  bodies  least.  Yet  the  expansion  of 
solid  bodies  by  heat  is  readily  shown.  A  brass  baU  is 
taken  of  such  a  size  that  it  just  passes  through  a  ring  of 
the  same  metal.  The  ball  is  heated,  and  it  is  then  not 
possible  for  it  to  pass  through  the  ring  ;  but  if  the  ring 
also  be  heated,  it  may  be  made  to  expand  sufficiently 
to  permit  the  heated  ball  to  pass.  On  cooling,  both 
regain  their  former  size.  The  expansion  of  liquids  is 
seen  by  immersing  a  flask  filled  with  cold  water  in  an 
outer  vessel  of  hot  water.  The  neck  of  the  flask  is 
continued  into  a  long  capillary  tube  ;  and  as  the 
water  expands  it  rises  in  the  tube.  Alcohol,  or  other 
more  volatile  liquids,  would  show  the  expansion  more 
readily.  Similarly,  if  a  flask  filled  with  air,  and  having 
a  capillary  prolongation,  be  heated,  the  expansion  of 
air  may  be  shown.  All  that  is  necessary  is  to  have 
a  small  quantity,  an  inch  or  so,  of  colom-ed  liquid 
in  the  capillary  tube  as  an  index ;  when  the  air  is 
expanded  by  heating,  the  index  is  pushed  up,  and 
when  by  cooling  the  air  contracts,  the  index  passes 
down  the  tube.  Water  afibrds  a  remarkable  excep- 
tion to  the  general  rule  of  expansion  by  heat  and 
contraction  by  cold.  If  water  be  cooled  it  gradually 
contracts  till  at  a  temperature  of  4°  0.  (39°  Fahr.) 
it  reaches  its  condition  of  maximum  density.  If  the 
cooling  be  continued  the  liquid  begins  to  expand 
until  it  becomes  frozen,  when  a  sudden  considerable 
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expansion  occurs.  It  is  this  that  causes  bursting  of 
water-pipes  in  times  of  frost.  The  pipe  is  hurst  by 
the  enoi-mous  force  capable  of  being  exerted  by  the 
fi'eezing  water,  but  the  burst  is  not  then  observed 
because  the  water  is  frozen.  It  is  when  the  period  of 
thaw  arrives  and  tlie  ice  becomes  liquefied  that  the 
burst  is  declared. 

All  the  permanent  gases  expand  almost  to  the 
same  extent  for  every  degree  of  elevation  of  tempera- 
tui-e.  This  amount  is  called  their  coefficient  of  expan- 
sion. It  amounts  to  Tj^a^rd  of  the  volume  (whatever 
be  the  volume)  for  every  degree  centigrade,  or  -j^zy^h 
of  the  volume  for  every  degree  Fahrenheit. 

Thus,  given  the  same  pressure,  a  volume  of  gas  at 
0°  C.  will  be  increased  by  10  x  of  its  volume  at 
10°  C.  This  is  expressed  by  formula  in  the  following 
way  :  Suppose  Vo  to  be  the  volume  of  a  gas  at  0°  C, 
and  it  is  required  to  find  its  volume  (V)  at  f  C, 
then  V  =  Vo  (1  +  at),  a  is  the  coelEcient  of  expan- 
sion, which,  as  we  have  seen,  is  -jij,  or,  expressed  in 
decimals,  -00366.    So  the  equation  becomes 

V  =  Vo  (1  +  -00360  t). 

Suppose  the  volume  to  be  1  litre  (1000  cc.)  at  0°, 
what  is  the  volume  at  100°  C.  1 

V  =  1000  (1  -{-  -00366  X  100). 

The  temperature  of  a  body  is  a  "  quantity  which 
indicates  how  hot  or  how  cold  the  body  is."  The 
fact  of  expansion  indicates  a  method  by  means  of 
which  differences  of  tempeniture  may  be  measured. 
Thus,  if  we  take  a  llask  of  air  with  a  coloured  index, 
as  described  on  page  469,  and  if  we  find  that  ivith  a 
constant  ■pressure  the  index  now  rises  and  now  falls, 
this  will  indicate  that  the  air  is  now  expanding,  now 
contracting,  that,  in  fact,  it  is  being  subjected  to'clifler- 
ences  of  temperature  ;  and  the  extent  of  the  variations 
E  E — 7 


466  Physiological  Physics.   [Chap.  xxxvi. 

of  the  position  of  the  index  will  be  a  measure  of  the 
diflei-ences  of  temperature  experienced.  _  In  the  same 
way  with  a  flask  of  alcohol,  frovidecl,  again,  the  pressure 
he  constant,  variations  in  the  height  of  the  co  umn  of 
alcohol  in  the  capillary  continuation  of  the  neck  ot  the 
flask  will  indicate  the  fact  and  the  amount  of  varia- 
tions in  temperature.  . 

Tliermomcter  is  the  name  applied  to  an  instru- 
ment devised  on  the  principle  just  laid  down  for 
measuring  variations  and  amounts  of  t«™P.<;^^*^^\ 
a  thermometer  be  placed  in  contact  with  a  body 
warmer  than  itself,  heat  will  pass  from  the  warmer 
body  till  the  temperature  of  both  is  alike;  the  bquid 
will  rise  in  the  thermometer,  owing  to  its  expansion, 
til  eqSlibrium  is  attained,  and  the  difierence  between 
the  former  and  the  present  level  will  indicate  the 
d  ffe  ence  between  the  temperatures  of  the  thermo- 

Ir  and  the  body.  If 
in  contact  with  a  colder  body  heat  will  pass  fioni  the 
thermometer  till  it  becooies  of  the  -me  tempera  u  e 
^s  the  body  with  which  it  is  m  contact ;  the  liquid 
wil I  cont^aJt  in  the  thermometer,  and  the  dinunu^^^^^ 
of  volume  will  indicate  the  decrease  of  temp-^^-;- 

The  mercmial  tliei  mometer  is  the  one  in 
commt  use.  It  is  made  of  a  capma^y^tube  blo^ 
out  into  a  bulb  at  the  lower  end.  f 
is  blown  at  the  upper  end  to  permit  of  bli^^g  t^;^. 
tube  with  mercury.  Into  the  funnel  at  the  uppea 
end  a  little  dry  mercury  is  poured,  and  the  e mptj 
bulb  i.  -ently  heated.  Some  air  is  expelled  by  the 
S,  an§  onUing  tbe  remju.iing  an  contract. 
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boiling,  so  that  aii-  and  moisture  are  expelled  from 
the  tube,  which  is  filled  with  mercurial  vapour.  At 
this  moment  the  upper  end  below  the  funnel  is  sealed 
by  a  hot  fla  me.    This  instrument  will  measure  varia- 
tions of   temperature,   but  in   this  form  will  not 
indicate  corresponding  values.    The  stem  must,  there- 
fore, be  graduated.    For  this  purpose  two  standard 
temperatures  are  taken,  viz.  the  temperature  of  the 
freezing  point,  and  that  of  the  boiling  point.  The 
Ibrmer  is  found  by  immersing  the  thermometer  in  a 
mixture  of  ice  and  water  till  the  mercury  reaches 
a  level  at  which  it  remains.    At  this  point  a  mark  is 
made  on  the  stem.    The  boiling  point  is  obtained  not 
by  mimersing  the  thermometer  in  boiling  water,  but 
by  surrounding  it  with  steam  from  boiling  water. 
Water  boils  at  difi"erent  temperatures  in  different 
vessels,  but  the  temperature  of  steam  is  constant, 
ihe  thermometer  i.s,  therefore,  suspended  in  a  vessel 
at  the  bottom  of  which  water  is  kept  boiling.    It  is 
surrounded  by  a  steam  jacket,  and  when  the  level  of 
the  mercury  has  become  stationary  a  mark  is  made  on 
the  stem.     Both  marks  ought  to  be  obtained  at 
standard  pressure,  for  water  will  boil  at  a  lower  tem- 
perature if  the  pressure  be  diminished.    The  space 
between  the  two  marks  is  now  divided  off  by  marks 
into  lengths  of  equal  volumes,  and  the  graduation 
contmued  above  the  maik  for  the  boiling  point,  and 
be  ow  that    or  the  freeziiag  point.    The  instrument 
will  now  indicate  degrees  of  temperature  which  can 
be  u.sed  for  comparison.      If   tlie  thermometer  is 
brought  mto  contact  with  two  bodies  successivelv 
and  the  reading  of  the  level  of  the  mercury  is  the 
same  m  both  cases,  both  bodies  are  at  the  .same 
temperature;  if  there  is  a  diO-erenco  in  the  reading 
tlie  number  of  degrees  of  dilFerence  on  tlie  .scafe 
indicates  the  difference  of  temperature. 

To  tlie  thermometer  thus  con.strucled  diff.Tcmt 
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scales  may  be  applied.  Fahrenheit,  of  Dant2dc, 
introduced,  in  1714,  a  scale  in  which  the  freezing 
point  is  marked  32°,  and  the  boiling  point  212° ;  32° 
below  the  freezing  point  is  zei-o,  or  0°.  Between 
32°  and  212°  the  stem  is  divided  into  180  degrees. 
In  the  Centigrade  scale,  introduced  by  Celsius,  a  pro- 
fessor of  Upsala,  the  freezing  point  is  marked  0°,  and 
the  boiling  point  100°,  and  between  the  two  100  spaces 
are  marked  off.  In  Reaumur's  scale  the  boUing 
point  is  80°,  and  the  freezing  point  0°.  The  different 
scales  introduce  an  element  of  confusion.  The 
Fahrenheit  is  used  in  England  :  Centisrrade  is  becoming 
the  scale  for  scientific  use.  The  readiog  of  any  one 
scale  can  easily  be  expressed  in  terms  of  the  other. 
Nine  degrees  of  Fahrenheit's  scale  =  5  of  Centigrade  ; 
therefore,  to  express  a  temperature  Fahrenheit  in 
terms  of  Centigrade  subtract  32,  and  then  multiply 

C  =  (F  -  32)  %. 

To  express  a  temperature  Centigrade  in  terms  of 
Fahrenheit,  multiply  by  f,  and  then  add  32. 

F  =  (C  X  2)  +  32. 

Four  degrees  of  Reaumur's  scale  are  equal  to  5° 
Centigrade,  therefore 

C  =  R|  and  R  =  C|. 

Nine  degrees  Fahrenheit  =  4°  Reaumur,  therefore 

F  =  2R+  32,  and  R=  (F  -  32) 

By  means  of  the  following  table  approximately  the 
same  temperature  on  the  diSerent  scales  may  be  easily 
read. 

Alcohol  is  also  used  for  thermometers,  being 
coloured  to  be  more  easily  observed.  Air  thermo- 
meters are  also  employed,  and  give  larger  indications 
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than  mercury  or  alcohol.  Thermometers  may  be 
made  to  register  their  elevations  by  means  of  an 
index,  a  short  thread  of  mercury  which  is  pushed 
up  by  the  expanding  mercury,  and  when  the  mercury 


Boiling  point,  100 


-  200 


FPfloilnff  point.  0-  - 


J  -1-30  Boilitiff  polat* 


--0  Freozlnp  polnti 


contracts  the  index  is  left  registering  the  highest 
pomt  to  which  It  rose  in  the  tube.  In  other  ways 
also  thermometers  may  be  made  self  registering 

More  delicate  thermometers  tlian  those  described 


,  w..,^LM^uv,io  tijuu  ujose  ciescribed 

aze  made,  winch  register  diOerences  of  temperature  of 
a  much  smaller  range  tlian  between  0°  and  100" 
Ihus  mercury  thermometers  made  of  tubintr  with 
a  very  fine  bore,  and  with  a  bulb  of  very  thin 
walls,  are  capable  of  measuring  witli  rapidity  ^•ely 


47° 


Physiological  Physics.  [Chap.  xxxvii. 


small  dilfereuces  of  temperatui-e.  For  the  same 
amount  of  expansion  the  mercury  will  extend  a 
much  longer  distance  in  a  very  fine  tube  than 
it  would  in  a  tube  of  wider  calibre,  so  by  the 
fine  tube  a  small  difference  will  be  readily  regis- 
tered^ which  would  be  scarcely  observed  iii  a  ther- 
mometer of  wide  bore.  If,  however,  the 
fine  instrument  were  required  to  register 
from  the  freezing  to  the  boiling  tempei'ature, 
it  would  i-equire  to  be  of  a  length  very 
inconvenient  for  practical  purjjoses.  Such 
thermometers  are,  accordingly,  made  to  regis- 
ter only  a  part  of  the  scale.  Thus  the 
'c  ordinary  clinical  thermometers  register  tem- 
peratures between  95°  and  114°  Fahr.,  and 
each  degree  is  divided  into  fifths.  An  ex- 
ample of  such  a  thermometer  is  shown  in 
Fig.  195  :  one  which  is  constructed  for  ascer- 
taining the  internal  temperature  of  the  body. 


D 


CHAPTER  XXXVII. 

CHANGES  OF  STATE  PRODUCED  BY  HEAT. 

Fusion  and  ebullition.— Heat  con- 
verts solid  bodies  into  liquids,  and  liquids 
Fig.  195.  into  gas.  Fusion  is  the  term  applied  in  the 
mometer  fo'™6i',  vaporisatio7i  in  the  latter  case.  The 
temperature  at  which  a  solid  body  passes 
into  the  liquid  state  is  called  the  point  of  fusion,  or 
meltivg  point ;  and  it  is  a  definite  temperature  for 
each  substance.  The  temperature  at  which  a  liquid 
passes  into  vapour,  which  rises  through  its  substance 
in  bubbles,  and  disengages  itself  from  the  surface. 
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is  its  -point  of  ebullition,  or  boiling  point.  It  also  is 
a  fixed  temperature  for  each  substance. 

Water  illustrates  very  well  what  takes  place  in 
these  occurrences.    If  a  mass  of  ice  at  0°  C.  be  placed 
in  a  vessel,  and  heat  ajiplied,  in  a  short  time  part 
of  the  ice  Avill  become  converted  into  water  part 
will  still  remain  undissolved.    If  the  ice  and  water 
be  well  stirred,  the  temperature  throughout  will  be 
found  uniform,  and  still  0°  C.    If  the  heat  be  again 
applied  just  till  the  ice  is  all  converted  into  water, 
the  temperature  will  still  be  0°  C.    In  spite  of  the 
application  of  heat,  and  the  solution  of  the  ice,  there 
is  no  increase  of  temperature.   If  the  heat  continue  to 
be  applied,  it  is  only  after  all  the  ice  has  been  converted 
into  water  that  the  continued  application  of  the  heat 
becomes  manifest  in  an  increased  temperature  of  the 
water.    A  considerable  amount  of  heat,  that  is  to  say, 
has  become  absorbed,  has  apparently  disappeared  in 
the  conversion  of  the  solid  into  the  liquid  state. 
Work  has  been  done  in  the  conversion ;    and  the 
equivalent  of  the  work  done  is  given  by  the  amount 
of  heat  spent  m  the  process.    In  order  that  the  water 
may  pass  back  into  the  solid  state  a  similar  amount  of 
heat  must  be  given  off.    So  the  heat  consumed  in  the 
process  of  melting  was  said  to  become  latent  in  the 
water  ;  and  the  amount  of  heat  necessary  to  convert  a 
unit  mass  of  ice  into  water  without  raising  the  tem- 
perature is  called  the  latent  heat  of  water.    Since  the 
same  phenomenon  is  seen  in  the  liquefi:iction  of  any 
solid,  though  the  amount  of  heat  spent  varies  with 
the  substance,  the   phrase  latent  heat  of  fusion  is 
employed. 

The  latent  heat  of  water  may  be  estimated  by 
determining  the  ten:perature  which  a  pound  of  water 
must  have  to  convert  a  pound  of  ice  at  0^  C.  into 
water,  so  that  the  nii.Kture  has  a  temjicraturc  of  0^'  C. 
That  temperature,  it  is  found,  must  bo  79°  to  8U°  C." 
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or  about  174°  F.  The  same  amount  of  heat  is  required 
to  convert  1  pound  of  ice  into  water  at  0°  0.,  as 
would  raise  the  temperature  of  1  pound  of  water 
from  0°C.  to  79°  C,  or  from  32°  F.  to  174°  F.  The 
latent  heat  of  water  is  expressed  by  the  figure  79,  or 
142  (174  -  32),  according  to  the  scale  employed. 

The  same  rule  applies  to  every  solid  body.  Its 
liquefaction  involves  the  disappearance  of  heat ;  and 
the  liquefaction  may  be  accomplished  without  eleva- 
tion of  temperature.  Ice,  however,  requires  more 
heat  for  its  liquefaction  than  other  bodies.  While 
the  latent  heat  of  water  is  about  79,  that  of  tin  is 
about  14,  of  lead  over  5,  of  sulphur  over  9. 

Freezing  mixtures  exemplify  very  well  the 
facts  that  have  been  stated.  When  ice  is  mixed  with 
salt  in  the  proportion  of  two  parts  of  the  former 
to  one  of  the  latter,  the  ice  is  rapidly  melted,  the 
rapid  thaw  involving  a  rapid  disappearance  of  heat. 
If  the  mixture  surrounds  a  liquid  at  the  ordinary 
temperature,  and  if  care  is  taken  to  prevent  the  ice 
obtaining  the  necessary  heat  from  other  sources,  the 
heat  wilf  be  abstracted  from  the  liquid,  and  in  a  short 
time  its  temperature  will  be  so  reduced  that  it  will 
become  frozen.  The  temperature  obtained  _  by  the 
mixture  of  ice  and  salt,  or  snow  and  salt,  is  about 
zero  Fahrenheit.  Other  freezing  mixtures  are  snow 
and  crvstallised  chloride  of  calcium  (3  to  4),  nitrate  of 
ammoiiia  and  water  (equal  parts),  sulphate  of  soda 
and  hydrochloric  acid  (8  to  5). 

EbulHitiosi  is  the  condition  in  which,  by  heating, 
bubbles  of  vapour  are  formed  in  the  interior  of  a 
liquid  which  pass  to  the  surface,  and  there  become 
disen-^aged.  Tn  water,  being  heated  in  a  flask  over  a 
lamp,  bubbles  may  be  seen  to  become  disengaged 
from  the  bottom  of  the  flask,  on  the  outside  of  which 
the  flame  is  playing  ;  but  they  do  not  become  disen- 
.ni-ed  at  the  surface.    They  disappear  as  they  pass 
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upwards  in  the  liquid,  probably  because,  coming  in 
contact  with  colder  layers  of  water,  they  become  con- 
densed. It  is  thought  that  it  is  the  collapsing  of 
such  bubbles  that  causes  the  singing  sound  heard 
before  the  liquid  is  at  tlie  boiling  point.  When  the 
boiling  point  is  reached,  the  vapour  escapes  from  the 
liquid  and  gives  rise  to  the  commotion  called  ebulli- 
tion. In  order  that  the  vapour  may  escape  into  the 
atmosphere,  its  tension  must  be  equal  to  that  of  the 
atmosphere.  Different  liquids  have  different  boiling 
points.  Distilled  water  is  100°  C,  ether  37°,  alcohol 
79°,  mercury  353°,  sulphur,  440°. 

Although  the  application  of  heat  be  continued 
after  the  boiling  point  has  been  reached,  the  tempera- 
ture of  the  liquid  does  not  rise.  The  additional  heat 
IS  consumed  m  the  conversion  of  the  liquid  into  the 
gaseous  state.  Thus  heat  disappears  in  the  passage 
from  the  liquid  to  the  gaseous  state,  as  well  as  in  the 
passage  from  the  solid  to  the  liquid  state.  To  express 
this  disappearance,  the  phrase  latent  heat  of  vapour 
is  employed.  For  this  reason  a  kettle  will  not  be- 
come red  hot  so  long  as  it  contains  water,  the  tem- 
perature not  being  able  to  exceed  100°  C.  Similarly 
water  may  be  boiled  in  a  capsule  of  paper,  because 
the  temperature  of  100°  C.  is  not  sufficient  to  ignite 
the  paper.  For  the  conversion  of  unit  mass  of  water 
at  100°  C.  into  vapour,  536  units  of  heat  measured  on 
tlie  centigrade  scale,  are  required,  or  about  965  units 
i^ahrenheit. 

The  boiling  point  is  aff-ected  by  various  circum- 
stances. The  pre.sence  of  saline  bodies  in  solution 
raises  it.  Thus,  7-7  per  cent,  of  common  salt  I'aiscs 
the  boilmg  point  TO.;  39-7  per  cent,  raises  it  8° 
Ihis  1.S  suj.po.scd  to  be  due  to  tlie  force  of  coliesioa 
exerted  by  the  salt  molecules  on  the  particles  of 
water.  The  fact  that  the  boiling  point  is  aff-ected  bv 
the  nature  of  the  vessel,  in  which  the  water  is  placed 
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is  supposed  to  be  due  to  the  force  of  adhesion  exer- 
cised by  the  particles  of  the  vessel  on  the  water  in 
a  Mass  vessel  the  boiling  pomt  is  usually  lUi  L.,  m 
one  of  iron  100°  C.  The  introduction,  however,  ot 
fragments  of  platinum  into  a  glass  vessel  wiU  lower 
the  boiling  point  to  100°.  ,  ,   -t         ■  . 

Pressure  influences  the  melting  and  boibng  points, 
an  increase  of  pressure  raismg  both  temperatures. 
The  effect  on  the  boiling  point  is  very  marked.  A 
fall  of  pressure  from  the  normal  760  min.  of  mercury  to 
730  lowers  the  temperature  of  the  boilmg  point  by  i  . 

Evaporation.-Vapour  is  given  ofi"  by  liquids 
and  solids  through  a  wide  range  of  temperature  ;  and 
the  evaporation  is  accompanied  by  the  disappearance 
of  heat ;  but,  as  in  the  case  of  ebullition  evaporation 
occurs  only  from  the  surface  of  the  body.    It  is  by 
evaporation  that  the  volume  of  a  liquid  exposed  to 
the  air  gradually  diminishes.    Some  bquids  pass  mto 
vapour^more    qincHy  than   others,    alcohol  more 
quickly  than  water,    and   ether  than  alcohol,  the 
^traction  of  heat  being  more  marked  as  the  rapidity 
of  evaporation  is  greater     The  vapour  o  ether 
thus  used  to  produce  a  freezing  temperature  This 
fact  is  applied  in  surgery  for  pixjducmg  local  an^s^ 
thesia     By  means  of  a  spray  producer  a  fane  spray  of 
eti  er  is  directed  on  the  pLt  of  the  bocly  to  be  rendered 
insensible.    Its  rapid  evaporation  abstracts  the  heat 
from  the  part  to  such  an  extent   that  -tense  loca 
cold  is  produced,  accompanied  by  loss  of  ^ei-ibiht^'  ^ 
the  part   so  that  an  incision  may  be  made  ^  ithout 
tsF;  'pain.    A  similar  method  ^^-^^^^^ 
tolocrv   for  cutting  sections  of  tissues,     ihe  tissue  is 
;tfd  on  a  metal  plate  oa  the  under  surface  of  which 
I  current  of  ether  spray  i^  directed     -^1^;.  P'^^^  ^^^^^ 
the  tissue  it  supi.orts  are  thus  reduced  to  the  tiLezin, 
Smjeiatui-e,  aid  sections  of  the  tissue  may  theu  be 
readily  cut  in  the  frozen  condition. 
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Particles  of  a  solid  body,  camphor  for  example, 
may  also  pass  into  vapour  ^yitllout  a  previous  tran- 
sition to  the  liquid  state. 

By  a  very  simple  apparatus,  Wollaston  showed 
that  water  could  be  frozen  by  its  own  evaporation 
Iwo  bulbs  are  connected  by  means  of  a  tube.  Water 
is  contamed  in  one  bulb,  the  other  has  an  openino- 
communicating  with  the  aii-.  The  water  is  boiled  till 
Its  steam  fills  the  tube  and  the  other  bulb,  and  then 
tlie  communication  of  that  bulb  with  the  aii-  is  sealed. 
Ihe  bulb  which  contains  no  water  is  then  surrounded 
by  a  freezing  mixture  which  condenses  the  steam, 
and  thus  tends  to  produce  a  vacuum.  Yapour  rises 
from  the  water  m  the  other  bulb  to  fill  the  empty 
to  freeze         ''^^     evaporation  soon  causes  the  water 

Increase  of  temperature  favours  evaporation  At 
a  given  temperature  the  process  will  go  on  till  the 
atmosphere  surrounding  the  liquid  is  saturated  th 
the  vapour  in  which  condition  the  vapour  is  at  max  ' 
num  density,  and  exerts  its  maximim  tension  If 
he  temperature  be  raised,  the  atmosp],ere  is  not 

vm  fat  ofi"ti?r*  ^"P-^*"^'^'  ^"^^  -^P-- 
will  pass  oti  till  saturation  is  again  produced  Tf 

tai^r™,'""  »'">-P'«.e'i.  uSle  to 

CoStecUn  H  "l''  ''"l"'.''^  of  v.p„„,,  and  some  i, 

tlie  metal,  but  is  separated  from  it  bv  nn  nn,.,.,  •  11 
Sfrla,  lio  "/"I 

tne  metal,  steam  is  produced  of  sufficient  t,.n.;^,,  T 
-I>po.t  the  liquid  above  the  met^E'::^.^^^  Til: 


476  Physiological  Physics.  [Chap.  xxxviii. 

layer  of  steam  between  the  drop  of  liquid  and  the  hot 
metal  does  not  permit  sufficient  heat  to  radiate  to  the 
drop  to  boil  it.  As  soon  as  the  metal  cools  so  that  it 
is  no  longer  able  to  produce  steam  of  sufficient  ten- 
sion, the  drop  comes  into  contact  with  the  metal,  and 
at  once  hisses  and  boils  away.  .  . 

All  volatile  liquids  show  this  property,  .it  is  in 
virtue  of  it  that  the  hand,  moistened  with  water,  can 
be  momentarily  plunged  into  a  mass  of  red-hot  meta 
without  being  burnt.  A  layer  of  vapour  is  formed 
between  the  moist  tissue  and  the  hot  metal  which 
acts  as  a  protective.  This  experiment  must  be  per- 
formed with  rapidity. 


CHAPTER  XXXVIII. 

SPECIFIC    HEAT  :  CALOEIMETRY. 

specific  heat.-It  takes  a  much  larger  quan- 
tity o^  heat  to  raise  the  temperature  of  1  pound  of 
water  by  1°  than  to  raise  the  temperature  of  the 
same  weight  of  lead  by  V.    This  is  expressed  by 
ayinc  thai  water  has  a  greater  capacity  for  heat  than 
ead  or  that  the  iliermal  -capacity  of  water  is  gi-eate r 
han  that  of  lead.    The  thermal  capacity  of  a  body  is 
defined  as  "the  number  of  units  of  1-^*  -quired  to 
raise  that  body   1°  of  temperature.      If  ^^atel  be 
Xi  as  a  stanLd,  then  the  thermal  capacity  o  one 
body  may  be  estimated  m  reference  to  it.    it  the 
QU^ntiTy  of  heat  necessary  to  raise  1  pound  of  water 
quanwuy  ul  11^,1  1   fi,p  Quantity  necessary 

1°  of  temperature  be  called  1,  tiie  quai.i  ^ 
to  raise  1  pound  of  lead  1°  of  temperature  uiU  be  a 
fraction  of  1.    The  number  that  expresses  this  ratio 
Ltween  the  quantity  of  heat  necessary  to  increase 
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the  temperature  of  a  body  1°,  and  the  quantity  neces- 
sary to  raise  the  temperature  of  the  same  weight  of 
water,  is  called  the  specific  heat  of  the  body. 

For  example,  the  specific  heat  of  water  being  1, 
that  of  iron  is  -11379,  lead  -0314,  brass  -09391,  mer- 
cury -03332,  ether  -5157. 

Water  has  the  greatest  thermal  capacity,  hence 
its  value  for  heating  purposes. 

The  differences  in  the  specific  heat  of  different 
substances  explains  how  two  bodies  at  the  same  tem- 
perature will  give  out  different  amounts  of  heat. 

The  average  specific  heat  of  tiie  animal 
body  is  given  as  about  0-83  (water  being  1). 

The  following  table  gives  the  specific  heat  of 
various  animal  substances  : 

Blood  (human)  1-020 

Arterial  blood  1-031 

Venous  blood  0-892 

Defibrinated  blood       .       .       .       .  '  0-927 

Muscle  (striated)  O-S'^o 
Compact  bone     •....*()  3^0 

Spongy  bone  0-710 

Adipose  tissue   0-712 

Muscle  of  oxen    ....  0-787 

Cow's  milk     .    .    ;   ;   ;   ;  0.992 

CalorimetiT.— The  determination  of  latent  and 
specihc  heat  implies  the  measurement  of  quantities  of 
heat.  Ihis  IS  called  calorimetry,  and  the  instrument 
by  means  of  which  the  measurement  is  made  is  called 
a  calorimeter.  It  is  obvious  that  a  standard  unit  of 
heat  IS  required.  This  we  have  already  seen  (page 
454)  to  be  the  quantity  of  heat  necessary  to  raise 
the  temperature  of  unit  mass  of  water  from  0°  to 
1  C.,  and  IS  called  the  caloric.  The  quantity  of 
heat  given  out  by  a  body  may,  therefore,  be  measured 
hy  the  quantity  of  water  whose  temperature  it  will  raise 
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1°     One  pound  of  water  requiring  1  unit  of  heat,  50 
pounds  will  require  50  units  to  raise  their  temperature 
1  decrree.    The  quantity  may  also  be  measured  by 
the  number  of  degrees  of  temperature  through  which 
the  body  has  raised  the  unit  mass  of  water.    Thus,  it 
a  hot  iron  ball  be  plunged  into  1  pound  of  water 
at  an  ordinary  temperature,  and  if,  when  the  ball  and 
the  water  have  become  of  equal  temperature,  it  is 
found  that  the  water  is  10°  warmer  than  before,  then 
the  ball  has  given  out  10  units  of  heat.    The  trouble 
in  such  an  experiment  is  to  ensure  that  the  pound  ot 
water  gets  all  the  heat  that  is  given  out  from  the  bai , 
and  that  none  of  it  is  given  oflF  in  other  ways,  which 
would  make  the  calculation  erroneous.     It  is  ne- 
cessary, therefore,  to   plunge  the  ball   into  water 
contained  in  a  vessel  surrounded  by  non-conductmg 
material,  and  arranged  also  to  prevent  radiation  of 
heat     The  vessel  would  also  be  heated,  and  the  heat 
imparted  to  it  would  require  to  be  taken  into  account 
Thus,  suppose  the  water  to  weigh  10  pounds,  and  its 
temperature  to  be  raised  \\  it  has  obviously  gained 
1 0  heat  units.    If  the  vessel  weighed  5  pounds  and  it 
is  heated  1°,  it  has  not  gained  5  heat  units,  since  its 
capacity  for  heat  is  not  so  great  as  water  Suppose 
it  to  be^made  of  iron,  the  capacity  for  heat  of  n-on  as 
compared  with  that  of  water  (its  «lf '^^^^^f  f ) 
about  -114  for  each  unit  of  mass,  and  we  take  the 
^nit  as  1  pound,  so  that  for  the  5  poimds  the  amoun 
is  '570     So  that  if  its  temperature  is  raised  1  ,  the 
unit  of  heat  gained  amount  to  -570.    The  tota  lost  by 
Z  ball  is,  therefore,  5-570  units.     One  forn^of 
calorimeter  consists,  then,  of  a  vessel  filled  with 
vt  ;  and  surrounded  by  -n-conductn.g  matW 
Into  the  water  the  hot  body  is  plunged  and  the  cht 
ference  in  temperature  of  the  water  before  and  after 
live     by  a  simple  calculation,  the  units  of  heat 
Gained  by  the  w.der,  that  is,  given  off  by  the  body. 
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This  form  is  called  the  watkr  calorimeter.    In  the 
ICE  CALORIMETER  the  body  whose  specific  heat  is  to 
be  measured  is  placed  in  a  receiver  made  of  thin 
sheet  copper.    It  is  placed  in  an  outer  vessel  con- 
taining broken  ice  at  the  melting  point,  the  space 
between  the  two  vessels  being  entirely  filled  with  the 
broken  ice.    The  heat  from  the  body  melts  the  ice, 
and  is  measured  by  the  quantity  of  water  produced.' 
As  we  have  seen,  it  takes  always  a  definite  quantity 
ot  heat  to  convert  1  pound  of  ice  at  the  freezing 
point  into  1  pound  of  water  at  the  same  temperature" 
The  water  produced  trickles  down  through  the  ice 
and  escapes  through  a  tube  at  the  bottom  of  the 
vessel  into  a  vessel  placed  to  receive  it.    To  ensure 
that  all  the  ice  is  melted  by  the  heat  of  the  body 
and  none  by  the  heat  of  the  surrounding  air,  a  third 
vessel  also  containing  broken  ice  surrounds  the  other 
two.    The  heat  of  the  surrounding  air  is  intercepted 
by  this  outer  ice  jacket,  and  the  water  produced  is 
caused  to  flow  into  a  different  vessel  from  that  which 
catches  the  water  produced  in  the  calorimeter.  This 
form  of  calorimeter  was  constructed  by  Laplace  and 
Lavoisier. 

The  construction  of  the  calorimeter  will  be 
understood  by  reference  to  Fig.  196.  It  shows  the 
water  calorimeter  employed  by  Favre  and  Silbermann 
to  measure  the  quantity  of  heat  produced  by  the  com- 
bustion of  different  substances.  {See  pa^^e  460  )  It 
consists  of  a  vessel  k  in  which  the  substance  to  be 
burnt  IS  placed,  k  is  enclosed  in  a  chamber  l,  in 
wJiich  it  IS  completely  surrounded  with  water  The 
chamber  l  is  supported  on  feet  in  a  larger  cluxmber  m, 
the  space  between  the  two  being  packed  with  a  non- 
comluctmg  material.  An  outermost  vessel  n  fillerl  wiLli 
water  encloses  the  whole.  The  heat  given  off  by  thn 
burning  substance  in  k  is  communicated  to  the  wat<>r 
raising   its   temp.n-aturc    the  non-conductiinr 


480  Physiological  Physics.  [Chap.  xxxviii. 

substance  in  M  preventing  heat  passing  outwards, 
while  the  layer  of  water  in  N  intercepts  heat  passing 
inwards,  and  ensures   the   elevation   of   the  tem- 
perature of  the  water  in 
L  being  due  to  the  com- 
bustion in  K.     A  tube  0 
passes  from  outside  to  con- 
duct oxygenated  air  to  the 
bottom  of  the  chamber  for 
combustion  purposes.  The 
tube  eeg  permits  the  es- 
cape of  the  gases  that  are 
produced  by  the  combus- 
tion.   It  takes  a  winding 
course  through  the  water 
of  L  so  that  all  the  avail- 
able heat  of  the  gases  is 
given  off  to  thewater  before 
they  escape  to  the  outside. 
The  tube  6,  usually  closed 
by  a  cock,  is  for  the  pur- 
pose of  passing  inflammable  gases  into  K  if  desired 
The  prolongation  a  of  the  chamber  is  closed  by  a 
thick  glass  ?late,  and  provided  outside  with  a  miri^r 
s,  set  at  an  angle,  to  permit  an  observer  to  watch  the 
process  of  combustion.    Modifications  can  be  made  m 
such  an  arrangement  as  this  to  suit  particu  ar  pur- 
poses    To  measure  the  specific  heat  of  a  subs  ance, 
Te  may  substitute  for  k  a  receiver  into  ^Wnch  the 
substance,  which  has  been  previously  l^^'^^^f  \«  ^ 
known  temperature,  is  dropi)ed.    Or  one  ma>  sub- 
Sute  a  chlber  (c  in  Fig.  197  -  which  sonie  .nail 
animal  may  be  lodged,  respirable  air  read  mg  it  by 
Te  ie,  Ld  the  Voducts  of  aspiration  being  co^.- 
veyed  outwards  through  the  water,  so  that  the  h^ 
given  off  by  the  animal  in  a  given  time  ^^jj^^f^* 
mated.    In  all  oases  the  temperature  of  the  water  m 
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L  is  taken  by  a  delicate  tliermometer  before  the  ex- 
periment is  begun.  Again,  at  the  close  of  the  ex- 
periment, the  temperature  of  the  water  is  taken. 
The  increase  affords  the  basis  for  estimating  the 
quantity  of  heat  given  off. 

The  calorimetric  method,  as  applied  to  animal 
heat,  will  be  referred  to  in  the  next  chapter. 


CHAPTER  XXXIX^"^^<^ . 

ANIMAL  HEAT.  .   ' 

Sources  of  aiiimal  heat. — The  energy  of  the 
human  body  is  derived  from  the  food  consumed  and 
the  air  breathed  by  means  of  oxidation  processes. 
Part  of  that  energy  is  converted  into  mechanical 
work,  and  part  is  transformed  into  heat.  Chemical 
actions  going  on  in  the  body  are  thus  the  main 
sources  of  heat.  Oxidation  processes  being  the  chief 
sources  of  heat  in  the  body,  and  oxygen  being  neces- 
sary for  them,  it  is  evident  that  the  quantity  of  O 
consumed,  and  of  CO^  produced,  would  give  an  esti- 
mate of  the  amount  of  heat  produced.  For  example, 
the  oxidation  of  1  grm.  of  carbon  to  COo  gives  8,088 
units  of  heat,  and  the  oxidation  of  1  grm.  of  hydro- 
gen to  H,0  yields  34,460  heat  units.  The  amount  of 
heat  capable  of  being  produced  may  also  be  estimated 
by  notuig  the  amount  of  albumen,  fats,  sugars,  etc., 
taken  as  food,  and  calculatuig  how  mucli  heat  units 
they  are  capable  of  producing  by  complete  oxidation 
(page  456).  They  do  not,  however,  undergo  com- 
plete oxidation  in  the  body.  Thus,  albumen  is 
oxidised  to  urea,  and  urea  is  capable  of  further 
combustion. 

F  F — 7 
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For  example,  while  1  grm.  of  egg  albumen  fully 
oxidised  yields  4,998  heat  units,  the  same  quantity 
oxidised  to  urea  yields  4,263  heat  units,  that  is,  73o 
units  leas ;  and  1  grm.  ox  flesh  completely  oxidised 
yields  5,103,  hut  only  4,368  if  oxidised  to  urea. 

The  quantity  of  heat  capable  of  being  yielded  up 
by  the  food  on  complete  oxidation  must,  therefore,  be 
reduced  by  the  amount  which  the  excreta  will  pro- 
duce. ,  ,  1  -1 
During  bodily  repose,  the  energy  due  to  chemical 
combination  all  appears  as  heat.  If  work  be  done, 
heat  disappears  to  the  extent  of  the  equivalent  of  the 
work  done.  About  one-fifth  of  the  total  energy  of 
the  human  body  appears  as  mechanical  work,  and 
four-fifths  are  expended  as  heat.  . 

Apart  from  chemical  actions,  there  are  physical 
causes  at  work  in  the  production  of  heat,  the  friction 
of  parts,  for  example,  of  which,  however,  it  is  impos- 
sible to  render  an  account.  ,  ,  ■  i 
The  amount  of  lieat  liberated  by  the  animal 

body  in  a  given  time  has 
been  estimated  by  various 
experiments  by  means  of 
th  e  calor  i  m  e  t  e  r .  T  he 
apparatus  of  Dulong  is 
shown  in  Fig.  197.  It 
consists  of  a  chamber  c 
into  which  the  animal  to 
be  experimented  on  is 
placed.  This  chamber  is 
Fig.  197.-Calorimeter  of  Dulong.    f^^^^^^.g^^i  the  calori- 

meter W,  made  of  metal  with  a  bright  outer  surface 
and  iap^nned  inside,  which  is  itself  contained  m  a 
much  larger  wooden  case,  so  that  a  space^M  exists  be^ 
tween  the  calorimeter  and  outer  case.  The  space  is 
stuffed  with  tow  or  some  such  non-conducting  matenaJ. 
The  case  is  also  higher  than  the  calorimeter,  and  is 
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furnished  -with  a  lid,  stuffing  being  between  the  latter 
and  the  calorimeter  top.    Loss  of  heat  is  thus  pre- 
vented.   Through  the  outer  case  and  calorimeter  a 
tube  1  passes  to  convey  air  to  the  animal.    The  tube 
2  for  conducting  away  the  foul  air  is  bent  several 
times  through  the  water  of  the  calorimeter,  so  that 
the  air  parts  with  all  the  heat  it  has  gained  before 
escaping  from  the  apparatus.     A  thermometer  dips 
into  the  water.    The  temperature  of  the  water  in 
the  calorimeter  is  taken,  next  the  temperature  of 
the  animal  is  ascertained  by  means  of  a  thermometer 
in  the  rectum.    The  animal  is  then  placed  in  its  box, 
which  is  quickly  made .  air-tight,  its  tubes  for  the 
entrance  and  exit  of  air    being    attached,  and  is 
without  delay  lowered  into  the  calorimeter,  the  whole 
being  closed,  and  left  for  some  time.    At  the  end  of  a 
definite  time  the  water  in  the  calorimeter  is  mixed 
by  means  of  an   agitator,    whose   handle  projects 
through  the  lid  of  the  box,  and  the  temperature  of  the 
water  read  off.    The  animal  is  then  removed  and  its 
temperature  tested.     The  weight  of  water  in  the 
calorimeter,  multiplied  by  its  gain  in  degrees  of  tem- 
perature, added  to  the  sum  of  the  weight  of  the 
metal  case  x  its  specific  heat  x  its  gain  in  tempera- 
ture, gives  the  units  of  heat  gained  by  the  calori- 
meter.   If  the  animal  has  gained  or  lost  in  heat,  tlie 
difference  in  heat  units  gained  or  lo.st  is  obtained  by 
multiplying  the  weight  of  the  animal  into  its  specific 
heat  (0-8.3)  into  the  difference  of  temperature,  and 
this  must  be  added  to  or  subtracted  from  the  calori- 
meter total,  as  the  case  may  be. 

According  to  Helmholtz,  the  quantity  of  heat 
produced  daily  by  man  is  about  2,700  calories. 

Rcgniiation  of  animal  heat — The  tempera- 
ture of  the  animal  body  is  regulated  largely  by  the 
loss  of  heat.  Heat  is  lost  to  a  large  extent  in  warm- 
ing the  mgesta,  to  a  much  larger  extent,  however  by 
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perf5piration,  by  conduction,  and  by  radiation.  How 
great  the  loss  by  perspiration  may  be  is  readily  under- 
stood when  one  takes  into  account  that  the  perspiration 
passes  off  from  the  body  in  vapour,  and  that  the  trans- 
formation into  vapour  means  the  abstraction  from  the 
body  of  a  large  amount  of  heat  which  becomes  latent  in 
the  vapour.  "  The  tendency  to  increased  temperature 
of  the  body  by  increased  external  heat  is  counter- 
balanced by  increased  afflux  of  blood  to  the  skin,  in- 
volving increased  perspiration,  and  therefore  increased 
abstraction  of  heat ;  while  external  cold  by  its  action 
on  the  skin  diminishes  the  supply  of  blood,  and,  in 
consequence,  the  amount  of  perspiration,  and  so 
diminishes  the  abstraction.  In  such  ways  a  more  or 
less  uniform  temperature  of  98-4  Fahr.  (37-6°  0.)  is 
maintained  by  the  human  body. 

Loss  of  heat  by  the  skin  may  be  increased  or 
diminished,  according  as  the  clothing  is  a  good  or 
bad  conductor  of  heat.  Reference  to  page  457  shows 
how  variously  different  substances  used  for  clothing  con- 
duct heat,  and  how  the  hair  and  feathers  of  animals 
are  fitted  to  affect  the  loss  of  heat  by  conduction. 
Besides  the  conductivity  of  clothes  for  heat,  their 
absorbing  and  emissive  power  determine  their  value 
as  warm  or  cold  clothing.  Rough  clothing  radiates 
more  readily  than  smooth.  Colour  does  not  seem  to 
affect  the  radiating  power,  contrary  to  the  popular 
opinion,  as  we  have  seen.  Dark  clothing,  however, 
absorbs  heat  most  readily.  The  hygroscopic  qualities 
of  clothing  also  determine  its  value,  smce  if  it 
readily  absorbs  moisture  from  the  skin,  a  great  loss  of 
heat  will  be  experienced.  Finally,  the  compactness 
of  the  cloth  should  be  noted.  The  less  compact  the 
material  the  more  easily  will  the  aii"  penetrate  it  and 
carry  off  heat  by  convection. 
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CHAPTER  XL. 

MATTER  AND  FORCE. 

Dynamics  is  defined  as  the  science  -which  investi- 
gates the  action  of  force.  The  common  term  mechanics 
is  often  applied  to  this  science,  erroneously,  according 
to  the  highest  modern  authorities,  who  restrict  that 
tei-m  to  the  "science  of  machines  and  the  art  of 
making  them."  The  ideas  of  force  and  matter  are 
inseparably  associated  together,  force  being  recoo-- 
nisable  by  its  effects  on  material  bodies.  Dynamics 
considers  the  action  of  forces  on  solid,  liquid,  and 
gaseous  bodies.  Liquid  and  gaseous  bodies  have  already 
been  considered,  so  far  as  seemed  necessary  for  our 
purpose.  In  this  part  of  the  work  some  of  the 
elementary  dynamical  facts  and  priirciples  applied 
to  solid  bodies  will  be  noted. 

The  measurement  of  bodies  is  accomplished 
by  means  of  standard  bodies  with  which  the  body  to 
be  measured  is  compared. 

The  STANDARD  OF  LENGTH,  by  means  of  wliich 
the  linear  extension  of  a  body  is  estimated,  is  called 
the  yard  in  English  measure  (one  yard  =  3  feet 
=  36  mches).  It  is  an  arbitrary  measure  enacted 
by  Parliament,  and  is  the  distance  between  the 
centres  of  the  transverse  lines  in  the  two  gold 
])bigs  m  the  bronze  bar  depo.sited  at  the  office^  of 
the  Exchequer.    The  French  standard  of  length  is  the 
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mfetre.  It  is  intended  to  be  about  a  ten  millionth 
part  of  the  distance  along  the  surface  of  the  earth 
between  the  pole  and  the  equator.  But  it  also  is 
measured  by  a  standard  metre  of  platinum.  The 
metre  standard  was  intended  to  be  a  universal  stan- 
dard ;  and  it  is  rapidly  becoming  the  standard  of 
length  for  scientific  use.  The  system  of  measurement 
by  "means  of  the  metre  is  called  the  metric  system. 
It  is  also  applied,  as  we  shall  see,  to  the  estimation 
of  weight.  The  metre  is  divided  into  tenths  and 
multipfes  of  ten,  and  this  method  of  division  and  sub- 
division makes  the  system  extremely  convenient  to 

work  with.  ,  \ 

One  metre  (1  m.)  =  10  decimetres  (10  dcm.)  = 
100  centimetres  (100  cm.)  =  1,000  milUmetres 
(1,000  mm.).    1,000  metres  is  1  kilometre. 

One  EngUsh  inch*  =  25-399  miUimeti-es        1  nun  =  about 
°       foot     =304-792        „  [^thinch.) 
„      yard   =  914-376  „ 

One  metre  contains       39-370432  inches 
One  kilometre  „       39370-43-200  „ 

(nearly  1093-6  yai-ds). 

There  are  1  '60932  kilometres  to  the  mile. 

Of  the  following  scales  (Fig.  198)  the  first  shows 
1  thof  ametre  (1  dcm.),  divided  into  centimetres  (10  , 
Sd  millimetres  (100);  the  second  shows  English 
inches  and  tenths.  .    .     „  .,  . 

The  STANDARD  OF  WEIGHT  or  mass  IS  m  iJritam 
the  pound  (avoirdupois),  which  is  the  weight  of  a 
piece  of  platinum  kept  in  the  othce  of  the  Exchequer. 
It  contains  7,000  grains.     One  pound  troy  contains 

5,760  o;rains.  ,        .  w   ^        i  •„ 

The  French  unit  of  mass  is  the  weight  of  a  cubic 
decin>6tre  of  distilled  water  at  4°  0.  of  temperature 
Ifc  is  called  a  kilogramme.   It  contains  1,000  gmmmes, 
•  One  Paris  inch  =  27-069  mm. 
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a  gramme  being  the  mass  of  a  cubic 
centimetl-e  of  distilled  watei-  at  4°  C. 
A  cubic  millimetre  is  a  milligramme. 

One  gramme  (1  g.)  =  10  decigram- 
mes (10  dcg.),  =  100  centigrammes 
(100  eg.)  =  1,000  milligrammes  (1,000 
mg.). 

One  pound  avoirdupois  =    -453.593  kgme. 
„  ounce  ,,         =  28-3496  grammes. 

„  drachm        „        z=  1-771 
„  giain  „         =  0-064799  gramme. 

In  Troy  ■w"3ight  : 

One  ounce    =r  31-103  granunes 
„  drachm  =   3-881  ,, 
,,  gi-ain    =  0-065  gi-amme. 


One   kilogramme  =  15432-349   grains  (2-204 

pounds  avoii-.) 
„  gramme  =     15-43249  „ 


By  the  metric  system  capacity  is 
also  measured.  Thus,  the  measure  of 
capacity  is  the  litre,  equal  to  1,000  cubic 
centim^jtres  (1,000  cc).  It  equals 
1-76172  imperial  pints. 

Force  is  defined  as  "  whatever 
changes  or  tends  to  change  the  motion  of 
a  body  by  altering  either  its  direction 
or  its  magnitude."  If  a  force  act 
upon  a  body  at  rest,  it  will  cause  it  to 
move  in  a  particular  direction  with  a 
particular  velocity.  If  two  equal  forces 
act  upon  two  bodies  for  the  same  time, 
and  impart  to  them  equal  velocities' 
then  the  two  bodies  are  of  equal  mass.' 
So  that  the  velocity  of  a  body  is  depen- 
dent not  only  upon  the  force  which  acted 


198.— A. 
Dc^ciiu'etrc  di. 
vitlod  iuto  Ceu- 
tiuifefx-os  aud 
Millimetres. 
B.  Iiicliea  uiid 
Ti'iitha  o£  au 
luoU. 
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on  it,  and  the  time  duiing  wliicli  it  acted,  but  also  on  || 
the  mass  of  the  body.  The  velocity  of  a  body  multi- 
plied by  its  mass  gives  what  is  called  the  momentum  ot 
the  body.  A  body  at  rest  tends  to  remain  at  rest,  and 
a  body  in  motion  tends  to  remain  in  motion.  To 
change  its  state  of  rest  or  motion,  the  apphcation  ot 
a  force  is  necessary.    This  is  due  to  the  xntrtia  of  the 

^""'^The  measurement   of  force.— Suppose  two 
forces  of  unknown  amount  to  act  upon  two  bodies  ot 
equal  mass  and  free  to  move  under  the  same  condi- 
tions.   It  is  evident  that  the  forces  could  be  esti- 
mated by  the  velocities  imparted  to  the  bodies,  it 
the  velocities  were  equal  the  forces  would  be  equal. 
If  the  velocity  of  one  body  were  half  that  ot  tbe 
other,  the  force  acting  on  the  body  must  have  been 
the  half  of  that  acting  on  the  other.    So  that  a  torce 
can  be  measured  by  the  velocity  imparted  to  a  body 
of  unit  mass  after  acting  upon  it  for  a  second  (unit  ot 
time)     This  is  called  the  absolute  measurement  _  ot 
force     Forces  are  also  estimated  by  the  gravitation 
method.      A    standard    pound  weight  is  attracted 
towards  the  earth  with  a  definite  force     A  weight  ot 
2  pounds  is  attracted  with  twice  the  force,  a  weight 
of  3  pounds  with  thrice  the  force,  and  so  on.    it  the 
weight  is  to  be  prevented  from  falling,  the  force  o 
the  earth's  attraction  must  be  counterlmlanced  by  an 
equal  force  in  an  opposite  direction.    The  force  wi 
which  a  pound  weight  is  attracted  towarcls  the  eai  h 
can,  therefore,  be  used  as  a  measurer  of  torce,  and 
we  can  speak  of  a  force  of  10  pounds,  of  a  pressure  of 
i50  Douncls,  and  so  on.  ,        n  j 

'Sow  ii'i  London,  a  weight  of  1  P-;-VlV"°-f, 
to  fall  freely,  would  fall  a  distance  of  32-18b9  feet 
:  a  seconcl'of  time.    Tliat  is  to  say,  the  foi.e  o 
gravity  at  that  place  acting  on  the  pound  ^^o.ght 
(Ute  unit  of  mass)  for  one  second  would  produce  a 


Chap.  XL.] 


DVNAniOMETERS. 


489 


velocity  of  32'1889  feet;  and  we  have  seen  that 
force  can  be  measured  by  the  velocity  produced  in 
unit  mass  in  unit  time.  So  that  the  gravitation 
measurement  can  become  absolute  measure.  At 
London,  the  pound  weight  produces  32'1889  units  of 
force.  It  is  to  be  noted  that  the  action  of  gravity 
differs  in  amount  in  diiierent  places  (page  504),  so 
that  for  the  same  body  the  force  differs  at  different 
parts  of  the  earth's  surface. 

Dynamometers  are  instruments  for  measuring 
forces  in  pounds  or  kilogrs.  Fig.  199  shows  one  form. 
It  consists  of  two  steel  arcs 


AB  and  CD,  connected  together 
at  the  extremities.  The  in- 
strument is  suspended  by  the 
ling  R,  and  a  weight  is  at- 
tached to  the  opposite  hook. 


The  curves  of  the  arcs  are 
increased  by  the  weight,  the  £^ 
action  being  resisted  by  the      Fi  g.  199. — Dynnmometer. 
elasticity  of  the  steel.  The 

amount  by  which  the  arcs  are  separated  in  the 
middle  is  measured  by  the  graduated  bars,  one 
being  attached  to  the  middle  of  each  arc.  The  bars 
slide  on  one  another,  and  are  gi-aduated  by  hanging 
on  various  known  weights,  which  mark  the  extent 
of  separation  effected.  An  unknown  force  can 
then  be  estimated  in  terms  of  the  previous  graduation. 
Another  form  of  the  same  instrument  is  made  for 
estimating  force  exerted  not  by  traction,  but  by  pres- 
sure. 

For  instance,  such  a  form  is  made  for  estimating 
the  pressure  that  can  be  exerted  by  the  hand  in 
squeezing.  The  instrument  is  grasped  in  the  hand  and 
the  arcs  pressed  together.  Between  the  arc^  is  a  dial 
f)hite  and  an  indicator,  which  travels  a,  greater  or  less 
distance  over  the  dial  plate  according  to  the  pressure 
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exerted.  The  dial  plate  also  requires  previous  gradua- 
tion. Thus  the  zero  mark  is  placed  where  the  hand 
points  when  no  pressure  is  exerted.  A  pressure  of 
1  pound,  or  1  kilogramme,  is  then  applied,  and  a 
mark  placed  where  the  indicator  points,  and  so  on. 
The  pressure  in  pounds  or  kilogrammes  exerted  by 
the  hand  can  then  be  speedily  ascertained. 

In  both  forms  of  the  instrument  the  elasticity  of 
the  steel  restores  the  arcs  to  their  former  position, 
when  the  force  no  longer  acts. 

Quetelet  states  that  the  pressure  of  both  hands 
of  a  man  equals,  on  the  average,  70  kilogrs.,  and  that 
the  pressure  of  a  woman's  hands  is  a  third  less. 

Representation  of  forces.  —  Forces  are 
graphically  represented  by  straight  lines.  A  force  of 
1  pound,  or  1  kilogr.,  is  represented  by  a  line  of  a  defi- 
nite length,  and  a  force  of  2,  3,  4,  etc.,  pounds  or 
kilogrs., by  a  line  2,  3,  or  4,  etc.,  times  that  length.  The 
direction  in  which  the  force  is  acting  is  indicated  by 
a  barb  on  the  line. 

Resultant  force.— Let  o  (Fig.  200)  be  a  particle 

under  the  influence  of 
two  forces,  one,  ob, 
urging  it  in  the  direc- 
tion of  B,  and  the 
other,  OA,  Urging  it  in 
the  direction  a.  It  is 
evident  that  the  par- 
ticle cannot  proceed 
along  either  path,  but 
will  choose  a  path 
which  is  a  compromise 
between  the  two.  It 
will  move  upwards. 
Fig.  200.-Eesuitant  Force.  -j^g^  ^  ^^^^^^  force,  re- 
presented by  the  ^^reight,  be  applied  to  o,  and  let  this 
third  force  be  adjusted  so  that  0  remains  m  its  original 
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jjositioii,  and  suppose  the  weight  to  represent  a  force  of 
1  pound.  Then  o  is  under  the  influence  of  three  forces  ; 
but  it  is  at  rest,  so  that  the  forces  are  in -equilibrium. 
The  forces  oa  and  ob  are  both  tending  to  draw  0 
upwards,  and  they  are  completely  counterbalanced  by 
the  1  pound  weight.  To  put  it  in  another  way, 
the  weight  is  tending  to  pull  o  downwards,  but 
is  counterbalanced  by  oa  and  ob.    But  the  weight 


Tig.  201.— Parallelogram  of  Force. 

would  be  counterbalanced  exactly  by  a  force  of  1 
pound  acting  in  the  direction  directly  opposed  to  it, 
that  is,  in  the  direction  of  the  straight  line  drawn  up 
from  0.  If,  therefore,  OA  and  OB  be  withdrawn, 
and  one  force  substituted  equal  to  the  weight  oppo- 
sing them,  equilibrium  will  still  be  maintained.  So 
the  two  forces  OA  and  OB  can  be  replaced  by  a 
single  force,  which  is  called  the  resultant  force 
If  a  parallelogram  be  con.structed  on  ob  oa,  as  indi- 
cated m  the  figure,  it  will  be  seen  that  the  resultant 
lorce  IS  the  diagonal  of  the  parallelogram.  This  is 
represented  also  in  Fig.  201,  where  two  ibrces  OA  ob  are 
represented  acting  on  a  particle.  To  find  the  direc- 
tion in  which  the  particle  will  move,  a  parallelo-^ram 
is  constructed  of  which  oa  and  ob  form  two  sides^and 
then  the  diagonal  OR  of  the  parallelogram  is  d, awn 
It  gives  the  direction  which  the  particle  takes  -  it  is 
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the  resultant  of  the  two  forces  OA,  ob  ;  and  if  the  lines 
OA  and  OB  represent  by  their  lengths  the  magnitude 
of  the  forces,-  then  the  diagonal  will  represent  by  its 
length  the  magnitude  of  the  resultant  force.  This  is  the 
farcdlelogram  of  force. 

In  a  similar  way  one  force  may  be  made  to  take 
the  place  of  several  forces.  Let  a  parallelogi-am  be 
constructed  on  the  lines  representing  two  of  the 
forces.  Take  the"  diagonal,  and  with  it  and  the  Ime 
repi^esenting  the  third  force  construct  another  paral- 
lelogram. Its  diagonal  is  the  resultant  of  the  three 
forces  ;  with  it  and  the  line  representing  the  fourth 
force,  the  resultant  of  the  four  forces  may  be  found, 
and  so  on. 

The  process  of  finding  a  single  force  which  can  be 
substituted  for  more  than  one,  is  called  the  composi- 
tion of  forces.  It  is  apparent  also  that  the  converse 
of  the  composition  of  forces  is  true,  namely,  that  a 
sino-le  force  can  be  resolved  into  two  forces.  Thus, 
the"  force  or,  if  it  be  the  resultant  of  oa  and  ob,  can 
be  replaced  by  them.  If  it  be  given  as  a  single  force, 
then  by  constructing  the  parallelogram  of  which  it 
is  a'  diagonal,  it  can  be  resolved  into  two  forces 
acting  at  an  angle.    This  is  called  the  resolution  of 

Resultant  of  parallel  forces.— Suppose  two 
parallel  forces  acting  on  a  rigid  bar  in  the  same  direc- 
tion, the  resultant  will  be  equal  in  magnitude  to 
their  sum,  and  if  they  are  equal  forces  they  may  be 
replaced  by  the  resultant  force  midway  between 
them  If  they  are  unequal,  then  the  point  of  ap- 
plication of  the  resultant  force  will  be  at  a  distance 
from  the  points  of  application  of  the  two  forces  which 
is  inversely  proportional  to  the  magnitude  of  the  forces  ; 
that  is  to  say,  the  point  of  application  of  the  resulUmt 
will  be  nearer  to  the  greater  force.  Thus,  m  Fig.  J(  -, 
the  diac^ram  to  the  right  represents  a  bar  ab  under  the 
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influence  of  a  force  Ka  at  one  end,  and  of  a  second 
b6  at  the  other  end,  both  being  equal  to  one  another, 
ihen-  resultant  is  cc,  applied  midway  between  a  and  B 
and  equal  m  magnitude  to  both  forces  added  together' 
In   the  left-hand 


diagram 


we 


have 

represented  two 
unequal  forces  ha 
and  acting  on  a 
rigid  bar.  Their 
resultant  is  cc, 
equal  to  their  sum, 
acting  from  the 
point  c,  c  being  so 
placed  that  t  h  e 
distance  cb  is  in- 
versely propor- 
tional to  b6,  re- 
presenting them  aff- 


V 
c 


Fig.  202.— Resultant  of  Parallel  Forces. 


nitude  of  the  force  acting  at  b,  and  the  distance  CA  is 
inversely  proportional  to  Ka.  Suppose  ab  to  be  12 
inches,  the  force  Ka  to  equal  6  pounds,  and  b6  to 
equal  12  pounds,  then  the  distances  cb  ca  beincr  iti- 
versely  proportional  to  12  and  6,  cb  will  equal  4 
and  CA  will  equal  8.  The  distance  cb  is  called  the  arm 
ot  the  force  vh,  and  CA  is  the  arm  of  the  force  Ka 
Suppose  c  to  be  a  fixed  point,  it  is  evident  that  the 
force  b6  acting  on  the  bar  will  tend  to  pull  thnt  end 

tl  e  t     '  '  •      "^^^  i«  *°        to  t-- 

tend  to  r  ?,  K""'  Similarly,  the  forc^  a.  will 
tend  to  turn  the  bar  on  the  point  c.  The  measure  of 
the  power  with  which  the  force  tends  to  turn  the  bar 
on  the  point  c  is  called  the  moment  op  the  force 
d?s  nice  n^rtf'^  multiplying  the  force  into  the 
stance  of  the  arm,  that  is,  multiply  Ka  by  the 
distance  CA.  Let  Ka  6,  and  b6  =  12  T  ! 
moment  of  Ka  will  =  6  x  8  =  48,  and  that  of  n6 


494 


Physiological  Physics.        [Chap.  XLI. 


will  =  12  X  4  =  48.  If  the  foroe  cc  be  applied  in 
the  opposite  direction,  as  indicated  by  the  line  cc', 
then  the  forces  Aa,  b6,  and  cc',  will  be  in  equilibrium. 
The  two  forces  tending  downwards  will  be  counter- 
balanced by  a  single  force  in  the  opposite  direction, 
applied  at  the  point  c.  This  shows  that  cc  is  the 
resultant  of  Aa  and  b6. 

A  couple. — Two  unequal  parallel  forces  in  op- 
posite directions  can  also  be  reduced  to  a  single  force 
acting  in  the  direction  of  the  greater  force  and  equal 
in  amount  to  the  difference  between  the  two  forces. 
When  two  equal  and  parallel  forces  are  opposite  they 
have  no  resultant,  and  there  is  no  single  force  which 
can  balance  them.  This  is  called  a  couple,  and  it 
tends  to  produce  a  movement  of  rotation. 


CHAPTER  XLI. 

THE  LEVEK,    PULLEY,   AND  BALANCE. 

The  principles  that  have  been  explained  are  exem- 
plified in  certain  simple  machines,  the  lever,  etc. 

The  lever  is  simply  an  application  of  the  facts 
of  parallel  forces.  This  is  evident  from  Fig.  203,  which 

_____    represents  a  rigid  bar 

liil«IIIIIHil'l,!ll!lll;liilllllll1l!liMNII|iilNi1l^  under    the  influence 

pft  ^    liiiTv  forces,  p  and 

w.     F    is   the  fixed 

Fig.  203.— Lever  of  the  First  Order.  .     ,  -  , 

point,    or  lulcrum. 

Now  the  tendency  of  the  force  w  to  pull  the  bar 

down  towards  it  is  measured  by  its  moment,  i.e.  its 

amount  multiplied  by  the  distance  between  its  point 

of  application  and  the  point  of  application   of  f. 

Suppose  w  to  be  the  force  of  a  10-pound  weight,  and 
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its  distance  from  f  to  be  2  feet,  its  moment  =  20. 
Now  let  the  distance  between  F  and  p  =  5  feet,  a 
force  of  4  pounds  will  give  a  moment  of  20.  Thus 
with  these  distances  a  force  of  4  pounds  at  p  will 
balance  a  foi-ce  of  10  pounds  at  w.  If  p  be  made 
5  pounds  its  moment  will  exceed  that  of  w,  and 
will  pull  the  bar 
down  towards  it ;  w 
■will  be  raised.  The 
smaller  weight  acting 
through-  the  longer 
distance  will  raise 
the  heavier  weight.  '^'^S-  204.— Lever  of  the  First  Order. 
The  power  and  weight 

are  in  the  inverse  ratio  to  their  arms.  There  are 
three  classes  of  levers,  according  to  the  relative  posi- 
tions of  p,  w,  and  f,  the  power,  weight,  and  fulcrum. 
Ihat  which  has  been  already  described  is  a  lever  of 
the  first  order,  where  \hQ  fulcrum  is  between  the 
power  and  the  loeight.    Its  advantage  is  that  a  small 

power  may  be  made 
to  raise  a  very  heavy 

Bmxk  li'iiitiiiiiWfffmMiiiiiwiP^  ^^^^  ?^ 

T   ^oi-iixojj  tne  lever  are  properly 

ig  adjusted.     But    it  is 

Fig.  205. -Levtr  of  Second  Older.      apparent    that  the 
,  power   must  travel 

through  a  very  considerable  distance  to  raise  a  heavy 
weight  even  a  small  amount.  This  is  well  shown  in 
-big.  204,  where  the  weight  w  is  raised  only  a  short 
distance,  while  the  power  performs  a  considerable 
excursion  from  p  to  p'.  One  great  advantage  evident 
from  Fig.  203  is  that  by  this  lever  two  forces  may 
readiiy  be  balanced  by  adjusting  the  position  of  F. 

Fig.  205  represents  a  lever  of  the  second  order 
where  the  loeight  is  between  the  power  and  the  fulcrum 
in  It  the  power  always  acts  through  a  longer  arm 
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than  the  resistance,  and  has  consecj^uently  always  the 
advantage.  It  is  the  lever  of  power,  though,  as  in 
the  first  order,  the  power  must  always  move  through  a 
greater  distance  than  the  weight. 

The  third  order  of  levers  is  shown  in  Fig.  206. 

The  fower  is  between 
the    weight    and  the 
fulcrum. ,     Here  the 
has   a  longer 


weight  ^ 
arm  than  the  power. 
Let  w  be  distant  4  feet 
from  F,  and  p  2  feet, 
and  let  w  =  10.  The  moment  of  w  is  40.  Acting 
through  2  feet  a  power  of  20  is  necessary  to  yield  the 
same  moment.  Therefore,  with  these  distances  the 
power  mtist  be  more  than  double  the  weight  to  raise 
it.  Here,  therefore,  the  weight  has  the  advantage. 
But  it  is  evident  from  Fig.  207   that  the  weight 


Lever  of  Tliird  Order. 


moves  through  a  much  greater 
distance  (from  w  to  w')  than  the 
power  (from  p  to  p').  A  small 
movement  of  the  poAver  will, 
therefore,  give  a  good  sweep  of 
the  weight.  This  lever  is, 
therefore,  a  lever  of  velocity  ; 
the  weight  passes  over  a  con- 
siderable distance  in  a  short  time. 

We  shall  see,  in  the  chapter  on  Animal  IMeehanics, 
(chap,  xliii.)  how  tlie  muscles,  bones,  and  joints  of  the 
body  can  be  classified  under  such  a  system  of  levers. 

The  balance  is  another  illustration  of  the  prin- 
ciples applicable  to  parallel  forces.  This  is  particu- 
larly well  sliown  in  the  Danish  balance  (Fig.  208). 
It  consists  of  a  steel  arm  with  a  fixed  weight  p  at 
one  end.  At  the  other  end  is  a  hook  carrying  a  scale 
oan.  The  arm  is  supported  fr.m  a  beam  resting  on 
the  edge  of  the  ring-shaped  oody  P,  which 


is  the 
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fulcrum.  The  weight  r  in  the  scales,  and  p,  are  counter- 
poised by  moving  the  position  of  the  arm  in  f,  the 
distances  of  R  and  p  from 
F  being  inversely  as  their 
weights.  Previous  gradua- 
tion enables  one  to  say 
what  positions  correspond 
to  various  weights  in  the 
scale  pan. 

The    ordinary    balance      ^'g-  208.— Dauish  Balance, 
consists    of   two  scales 

hanging  from  the  ends  of  a  horizontal  bar,  which 
is  suspended  by  a  fine  edge.  The  point  of  sus- 
pension is  so  arranged  that  the  scales  are  equi- 
poised. This  balance  should  exemplify  two  equal 
and  parallel  forces  acting  on  a  rigid  bar  suspended 
by  its  middle.  The  accuracy  and  sensibility  of  the 
instrument  depend  on  the  diminution  of  friction  at 
the  point  of  suspension  of  the  bar  and  the  points  of 
suspension  of  the  scales  from  its  ends.  This  is 
effected  by  making  these  points  of  very  hard  material 
(steel  or  agate),  in  the  form  of  knife  edges.  nsi- 
bility  also  depends  on  the  length  and  lightness  of  the 
beam,  and  on  the  centre  of  gravity  of  the  beam  beint^ 
in  the  same  vertical  line  as  the  axis  of  suspension" 
and  very  little  below  it. 

_  Pulleys  also  exem])]ify  the  elementary  dynamical 
principles  that  have  been  referred  to. 

The  SINGLE  PULLEY  (Fig.  209)  does  not  elTect  any 
advantage  in  the  Avay  of  diminishing  the  power  to  be 
employerl.  Suppose  c  to  be  a  fixed  pulley  acted  on 
by  two  pnrall(4  forces  represented  by  the  weinlits  x 
a^nd  Y.  The  moment  of  x  is  its  amount  multiplied  by 
the  di.stancc  from  its  point  of  application  to  the  axis 
on  which  the  pulley  turns  {i.e.  Ac),  and  the  moment  of  y 
is  Its  amount  into  its  distance.  Now  the  distance  is 
m  each  case  the  same.  It  is,  therefore,  evident  that 
o  G — 7 
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if  the  two  forces  are  to  be  in  equilibrium,  so  that  the 
pulley  is  not  turned,  the  two  forces  must  be  equal.  A 
small  power  will  not,  therefore,  raise  a  larger  weight. 

The  advantage  of  the  single 
fixed  pulley  is  that  it  alters  the 
direction  of  the  force.  Thus,  a 
man  wishing  to  raise  a  load  from 
the  ground  may  do  so  by  placing 
himself  above  the  load  and  pul- 
ling it  upwards  ;    by   using  a 

O,  pulley,  however,  he  pulls  down- 

\^  the  weight  of  his  body  to  the 
Fig.  209.-The  Single    po^er.      Similarly  in   Fig.  209 
PuUey.  the  load  p  (of  moment  fx  bc) 

requires  an  equal  weight  R  on 
the  other  side  of  the  large  pulley  to  counterpoise  it. 

The  single  fixed  pulley  is  used  in  the  body  for 
altering  the  direction  of  a  force.  Thus  the  digastric 
muscle  and  the  oblique  muscles  of  the  eye  have  the 
direction  of  their  action  changed  by  bands  of  fibrous 
tissue,  etc.,  acting  the  part  of  pulleys. 

It  is,  however,  otherwise  with  the  movable  pulley 
represented  in  Fig.  210.  Here 
we  have  a  rope,  fixed  by  a 
hook  to  a  beam,  passing  down- 
wards round  a  movable  pulley, 
and  then  ui^wards.  It  next 
l^asses  over  a  fixed  pulle^^,  and 
its  free  end  has  a  weight  at- 
tached. The  fixed  pulley  is 
placed  merely  for  changing  the 
direction  of  pull,  it  being  incon- 
venient to  pull  on  the  free  end  of 
the  rope  after  it  has  passed 
round  the  movable  pulley.  But 


the  fixed  pulley  does  not  affect 


Fig.  210.— The  Movable 
PuUey. 
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ill  the  least  the  result  of  the  movable  one.  The 
latter  has  a  hook  attached  from  which  a  weight 
is  suspended.  Now  when  the  rope  is  pulled  with  a 
force  of  1  pound,  let  us  say,  that  force  is  communi- 
cated to  the  hook  in  the  beam.  It  is  a  law  ot 
dynamics  that  action  and  reaction  are  equal.  If  the 
hook  is  pulled  on  with  a  force  of  1  pound,  it  reacts 
with  a  force  of  1  pound.  Now  the  force  of  1  pound 
rtcts  in  a  direction  to  raise  the  movable  pulley,  and 
the  force  of  reaction  acts  for  the  same  end.  The 
pulley  with  its  attached  weight  is  thus  pulled  up- 
wards with  a  force  of  2  pounds.  But 
the  movable  pulley  does  not  rise  in  the 
same  degree  that  the  free'  end  of  the 
rojje  descends ;  owing  to  the  doubling 
of  the  rope,  it  is  raised  by  only  half  the 
distance.  It  is  also  plain  that  if  seA  eral 
movable  pulleys  were  used,  connected 
together,  the  rope  passing  from  one  to 
the  other,  and  the  weight  hanging  to 
the  system,  the  power  necessary  to 
raise  the  weiglit  would  be  diinini.shed 
in  proportion  to  the  number  of  jDuUeys. 
Such  a  system  of  pulleys  is  .shown  in 
Fig.  211.  It  is  to  be  noted  that  the 
height  to  which  tlie  weight  is  raised 
with  a  certain  length  of  rope  pulled, 
becomes  smaller  and  smaller  as  the 
number  of  pulleys  is  increased.  A 
smaller  force  is  capable  of  i-aising 
the  weight,  but  it  must  act  through  a 
distance.  In  short,  the  work  done  is  the  same 
whether  the  pulleys  be  many  or  few.  The  work 
done  is  estimated  by  the  weight  raised  into  the 
distance  through  which  it  is  raised.  Thus  a  weight 
of  10  pounds  raised  1  foot  is  tlie  same  as  a  weiglit 
of  1  pound  raised  10  feet.    So  that  if  a  weight 


Fig.  211.— A 
Sys  t,  e  m  of 
Movable  Pul- 
leys. 


longer 
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of  10  pounds  •were  raised  by  a  piilley  arrangement 
by  means  of  a  weight  of  1  pound,  the  weight  would 
only  vise  1  foot  for  every  10  feet  of  rope  pulled  in. 


CHAPTER  XLII 

GRAVITY. 

Gravity. — The  tendency  which  all  bodies  have 
to  fall  to  the  earth  is  due  to  the  action  of  gra-v-ity, 

the  mutual  attraction  exerted  between  the  earth 
and  the  body.  This  tendency  is  a  particular  exem- 
plification of  the  universal  law  that  all  material  particles 
attract  one  another.  The  direction  in  which  gi-avity 
acts  is  always  the  vertical  at  the  place;  hence,  to 
determine  the  vertical,  a  weight  is  permitted  to  hang 
freely  from  the  end  of  a  string,  the  plumb  Une.  The 
line  of  the  string  gives  the  vertical. 

Centre  of  gi-avity— It  is  the  force  of  gravity 
attracting  bodies  towards  the  centre  of  the  earth  that 
gives  them  weight.  If  a  body  could  be  entn-ely  re- 
moved from  the  influence  of  gravity  it  would  have  iio 
weif^ht.  The  force  of  gravity  acts  on  each  particle 
formin<^  the  mass  of  the  body,  attracting  it  with  a 
certain  degree  of  force.  A  solid  body  may,  therefore, 
be  considered  as  under  the  influence  of  a  vast  number 
of  forces,  each  particle  being  separately  solicited  by 
gravity;  that  is  to  say,  the  body  may  be  considered  as 
Operated  on  by  a  number  of  parallel  forces,  all  acting 
in  the  same  direction.  '  Now  we  have  seen  that 
parallel  forces  are  capable  of  being  compounded  into 
one  force  equal  in  amount  to  the  sum  of  the  diflerent 
parallel  forces,  and  acting  through  one  point  m  the 
body     The  action  of  gravity  on  all  the  separate 
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particles  of  a  solid  body  can  therefore  be  compounded 
into  one  I'esultant  acting  through  one  point  in  the 
body.  That  point  is  the  centre  of  gravity.  We 
see  also  from  this  that  the  attractive  force  of  gravity 
depends  upon  the  number  of  particles  of  the  body, 
and  that  it  is  directly  proportional  to  the  mass  of  the 
body.  Weight,  then,  depends  upon  mass.  The  centre  of 
gravity  may  be  experimentally  determined  for  a  body  by 
suspending  it  from  one  point  by  a  string  which  is  pro- 
longed, and  has  a  small  weight  attached.  The  vertical 
line  is  thus  obtained.  Tlie  body  is  next  suspended 
from  another  point.  The  point  of  intersection  of  the 
vertical  lines  is  the  centre  of  gravity.  The  centre  of 
gravity  of  a  line  is  its  middle,  of  a  circle  its  centre, 
of  a  parallelogram  the  place  of  intei'section  of  its 
diagonals. 

Stable  and  unstable  equilibrium. — When 
a  body  is  in  equilibrium,  the  force  of  gravity  acting 
through  the  centre  of  gravity  is 
opposed  by  another  force  equal  in 
amount  and  opposite  to  it  in  di- 
rection, acting  through  the  same 
point ;  or  when  it  is  not  o^jposed 
by  a  single  force,  but  by  several 
forces,  the  resultant  of  these  forces 
must  act  from  the  centre  of 
gravity.  Suppose  a  plate  of  wood 
BCD  (Fig.  212)  whose  centre  of 
gravity,  as  experimentally  deter-  unstabll' EquiUbrium"! 
rained  in  the  way  mentioned,  is  o. 
It  is  evident  that  if  the  plate  be  supported  by  a  pin 
passed  through  g,  on  which,  liowever,  the  plate  is  fi-ee 
to  turn,  it  will  remain  in  equilibrium  in  whatever  ])osi- 
tion  it  is  placed.  Let  the  plate  be  supported  by  a  pin 
at  A,  directly  above  the  centre  of  gravity,  it  will  remain 
in  equilibrium,  and,  if  moved  to  one  side  or  another, 
will  return  again  to  its  former  position.     For  the 
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force  of  gravity  and  the  force  of  resistance  through 
the  pin  are  both  acting  through  the  same  vertical 
line,  and  if  the  plate  be  displaced,  both  forces  act  so 
as  to  bring  themselves  again  into  the  same  vertical. 
This  position  is  called  the  position  of  stable  eqvAli- 
hrium,  because  the  body,  if  displaced,  will  not  de- 
part farther  from  equilibrium,  but  will  return  to  it. 
Now  let  the  plate  be  suspended  from  a  pin  at  a'  ;  it 
is  plain  the  body  is  not  in  equilibrium  at  all.    It  is 
under  the  influence  of  the  force  of  gi-avity  actmg 
downwards  through  G,  and  of  the  force  of  resistance 
acting  upwards  through  a'  ;  the  plate  will,  conse- 
quently, turn  so  as  to  place  the  centre  of  gravity 
directly  under  the  point  of  support  a',  and  will  then 
rest  in  stable  equilibrium.     lu  tlie  same  way,  it  the 
pin  be  at  a"  the  body  is  under  the  influence  of  an  up- 
ward force  at  a",  and  a  downward  force  at  G,  and 
a<^ain  it  will  turn  till  a"  comes  to  be  over  G,  where  it 
will  rest.    Let  the  pin  be  placed  at  a'",  directly  under  G. 
If  G  and  a'"  be  accurately  in  the  same  vertical  hne, 
the  body  will  be  in  a  position  of  equilibrium  for  the 
downward  force  of  gravity  and  the  upward  force  ot 
resistance  are  opposing  one  another  along  the  sa,me 
vertical  line.    But  let  the  body  be  displaced  to  either 
side,  and  suppose  it  to  be  displaced,  as  sho^vn  m  iig. 
912  b'c'd'   it  is  evident  that  the  forces  no  longer 
act  in  the  same  vertical,  gravity  is  acting  through  G 
and  resistance  through  a'".    The  ,^su  t  will  be  that 
the  plate  will  rapidly  turn  round  a  ,  till  the  centre  of 
cravity  is  below  the  point  of  suspension,  when  the 
body  will  be  again  in  stable  equilibrium.    Tiie  body 
is,  then,  in  equilibrium  when  its  point  of  suspension  is 
below  its  centre  of  gravity  ;  but  it  is  n.^tahh  equi- 
librium, and  the  body  falls  away  from  it  on  the 
slightest  movement.    The  same  facts  apply  to  a  body 
reltin-  on  a  table.    It  is  in  equilibrium  when  the 
vertical  through  the  centre  of  gravity  also  passes 
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through  the  point  of  support.  But  there  are  two 
positions  in  which  this  may  occur  :  one  in  which  the 
centre  of  gravity  is  at  its  highest  2:>oint,  as,  for  instance, 
when  an  egg  is  balanced  on  its  long  axis ;  and  the 
other  when  the  centre  of  gra  vity  is  at  its  loioest  point, 
as  when  the  egg  is  lying  on  its  side.  In  the  former 
case,  the  egg  is  in  the  position  of  unstable,  and,  in  the 
latter  case,  of  stable,  equilibrium. 

If  a  body  be  supported  on  a  base,  the  vertical 
from  the  centre  of  gravity  must  fall  within  the  base 
if  the  body  is  to  be  in  equilibrium. 

The  laws  of  falling-  bodies. — It  is  owing  to 
the  action  of  gravity  that  bodies  fall  to  the  earth. 
We  have  already  seen  (page  488)  that  a  force  can  be 
estimated  by  the  velocity  it  confers  on  a  body  of  unit 
mass  in  a  unit  of  time.  The  intensity  of  the  action  of 
gravity  may  then  be  calculated  by  the  velocity  which 
a  body,  falling  freely,  will  acquire  at  tlie  end  of  one 
second.  The  laws  that  prevail  in  falling  bodies  were 
first  investigated  by  Galileo,  who  experimented  by 
letting  bodies  fall  from  the  leaning  tower  of  Pisa. 
He  found  that  the  action  of  gravity  was  independent 
of  the  nature  of  the  body.  Balls  of  diflerent  sub- 
stances fell  with  equal  rapidity.  This  has  been 
proved  since  Galileo's  time  by  observing  that  in  a 
vacuum  a  piece  of  down  will  fall  as  fast  as  a  piece  of 
metal.  Bodies  fall  with  different  rapidities  in  air, 
because  of  the  resistance  which  air  offers,  and  which] 
of  course,  affects  a  large  surface  more  than  a  small  one! 
The  laws  of  falling  bodies  have  been  very  accurately 
determined  by  the  well-known  Attwood's  machine, 
and  other  instruments.  When  a  body  falls  freely 
m  air  its  motion  is  not  uniform,  that  is,  it  does  not 
pass  through  equal  spaces  in  equal  times.  If  a  force 
acted  on  a  body  for  a  certain  time,  and  then  suddenly 
ceased  acting,  it  would  confer  a  certain  velocity  on 
the  body  proportional  to  the  time  during  which  it 
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acted.    Suppose  the  body  were  not  acted  on  by  any 
other  force,  such  as  friction,  resistance  of  the  air,  etc., 
it  would  go  on  moving  with  the  velocity  it  had  ac- 
quired, and  this  would  be  uniform  motion.     It  would 
never  cease  moving.  But  vaiious  forces,  resistance,  etc., 
oppose  its  uniform  motion,  so  that  in  the  end  it  comes 
to  rest.    If,  however,  the  force  acts  for  a  longer  time, 
the  motion  is  uniformly  accelerated,  and  the  velocity 
will  he  in  proportion  to  the  length  of  time  during 
which  the  force  acts.    Gravity  is  a  constantly  acting 
force,  so  a  falling  body  will  have  a  uniformly  accele- 
rated motion.    A  body  falling  from  rest  is  found  at 
the  end  of  one  second  to  have  in  London  a  velocity 
equal  to  32-1889  feet,  32-2  approximately.    The  in- 
tensity of  gravity  in  London  is  then  32-2,  expressed 
by  saying  g  =  32-2.    But  the  intensity  of  gravity 
varies  in°diflferent  places,  being  least  at  the  equator, 
so  that  the  amount  must  be  experimentally  found  for 
each  place.     The  acceleration  being  uniform,  the 
velocity  at  the  end  of  a  given  number  of  seconds  will 
be  32-2  X  by  the  number  of  seconds.     Let  v  =  the 
velocity,  and  t  —  the  number  of  seconds,  then 

v  =  gt. 

The  velocity  at  the  end  of  10  seconds  will  be  32-2 
X  10,  expressed  in  feet  per  second. 

It  was  found  that  the  actual  space  traversed  by 
a  body  falling  from  rest  was  16-1  feet  at  the  end  of 
the  iirst  second.  (Distinguish  between  the  space 
traversed  during  the  second,  and  the  velocity  at  the 
end  of  the  second.)  At  the  end  of  two  seconds  the 
space  traversed  is  644  feet ;  at  the  end  of  three 
seconds  it  is  144-9.  During  1  second  lb-1  feet  ^ 
seconds  64-4,  3  seconds  144-9,  these  tigures  give  the 
proportions  for  time  1,  2,  3,  and  for  the  space  tra- 
versed 1,  4,  9  ;  that  is  to  say,  the  space  traversed  the 
first  second  (which  =  16-1  feet,  i.e.  ^  of  32,  i.e.  ^  g) 
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multiplied  by  the  square  of  the  time,  gives  the 
distance  at  the  end  of  the  time.  Let  s  =  the  space, 
the  formula  becomes 

s  —  igt^—  16-1  X  fi. 

Thus,  at  the  end  of  2  seconds,  s  =  16-l  x  4  =  64 -4. 

The  rule,  put  in  words,  is,  the  spaces  described  are 
proportional  to  the  squares  of  the  time  emjdoyed  in  the 
description. 

A  third  formula,  v  =  ^2  gs,  gives  the  velocity  v 
a  body  acquires  by  falling  through  a  certain  space  s  ; 
thus  the  velocity  acquired  by  a  body  falling  30  feet= 
V  =  ^64 -4  X  30. 

The  simple  pendulum  is  formed  by  a  weight 
attached  to  the  end  of  a  fine  inextensible  thread,  the 
other  end  of  the  thread  being  fixed.  The  centre  of 
gravity  is  below  the  point  of 
suspension.  If  the  weight  be 
pulled  to  one  side  of  its  posi- 
tion of  rest,  and  then  be  let  go, 
it  will  move  towards  its  former 
position  by  the  force  of  gravity  ; 
but  in  moving  it  acquires 
energy,  and  thus  it  does  not 
come  to  rest,  but  passes  its 
middle  position  to  the  other 
side,  moving  upwards  along  a 
small  arc.  It  will  move  up 
till  it  has  expended  all  the 
energy  it  acquired  by  its  previous 

downward  movement.  But  it  has  now  gained  energy 
of  position  which  causes  it  to  move  backwards  o\^r 
Its  former  path.  If  it  did  not  encounter  resistance, 
friction,  etc.,  it  would  move  back  to  its  former  posi- 
tion. But  energy  is  expended  in  overcoming  resistance, 
etc.,  and  thus  it  gradually  loses  its  energy,  describinc^ 
movements,  on  each  side  of  its  position  o'f  rest,  of  ever 


Fig.  213.  —  The  Simple 
Pendulum. 
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diminishing  extent  till  it  finally  comes  to  rest.  If  the 
pendulum  be  at  b'  (Fig.  213),  the  force  urging  it  towards 
B  is  that  of  gravity  acting  in  the  direction  b'g,  and 
equal  to  the  energy  gained  in  falling  through  the  dis- 
tance CB.  But  this  force  can  be  resolved  into  two 
others,  namely,  s'e,  in  the  line  of  the  thread  which  is 
counterbalanced  by  the  thread,  and  b/,  which  acts 
along  a  tangent  to  the  arc,  and  is  that  part  of  the 
force  which  is  effective  in  moving  b'  to  b. 

The  movement  of  the  weight  from  b'  to  b"  and 
back  to  b'  is  a  complete  vibration,  and  the  time  occu- 
pied is  called  the  periodic  time.  The  distance  from 
the  position  of  rest  B  to  either  extreme  b'  or  b"  is  the 
amplitude  of  vibration,  and  is  usually  measured  by 
the  angle  bab'.  . 

The  time  of  oscillation  of  a  pendulum  is  usually 
estimated,  not  by  the  time  of  a  complete  vibration, 
but  the  time  occupied  in  travelling  from  the  midd  e 
position  to  the  extreme,  and  then  back  to  the  middle 
position ;  or,  what  is  the  same  thing,  the  time  ot 
travelling  from  one  extreme,  to  another  b'  to  B  the 
time  of  an  oscillation.  When  the  oscillations  of  the 
pendulum  do  not  exceed  a  certain  extent  the  time 
of  vibration  is  independent  of  the  amplitude.  The  time 
t  is  obtained  by  the  formula 

where  I  =  the  length  of  the  pendulum,  g  =  the 
acceleration  due  to  gravity,  and -  =  the  I'atio  of  the 
circumference  of  a  circle  to  the  diameter  =  3-Ulo J. 
From  this  formula  the  length  of  the  pendidum  can  be 
estimated  if  t  be  given  ;  thus, 

Where  the  length  is  known,  the  intensity  of  gravity 


Chap.  xLiii.]      Animal  Mechanics. 


507 


at  a  place  can  be  estimated  from  the  same  formula. 
Thus,  in  a  seconds  pendulum,  where  <  =  1, 


CHAPTER  XLIII.  N^'/:.  ^  ' 

ANIMAL    MECHANICS,  ^^^joj^ 

In  the  animal  body  the  system  of  bones  connected 
together  by  means  of  joints,  and  movable  on  one 
another  by  the  contraction  of  muscles,  is  found  to  form 
an  arrangement  of  levers.    All  the  three  orders  of 
levers  described  in  chapter  xli.  are  found  exemplified 
in  the  human  body.    The  fulcrum  is  offered  by  the 
jomt,  the  power  is  given  by  the  muscular  contraction, 
and  the  weight  is  the  resistance  to  be  overcome  in  the 
movement  of  the  part,  the  lifting  of  some  weight,  etc. 
Of  the  first  order  of  levers  a  good  example  is  afforded 
in  the  means  by  which  the  head  is  maintained  in  the 
erect  position.   The  fulcnim  is  the  articulation  between 
the  condyles  of  the  occipital  bone  and  the  atlas,  the 
weight  IS  the  weight  of  the  fore  part  of  the  head  and 
face,  and  the  power  is  supplied  by  the  muscles  iiassincr 
upwards  to  the  skull  behind,  the  fulcrum  beino-  be"^ 
tvveen  the  power  and  weiglit.    The  feature  of'' this 
Jever,  as  one  conducing  to  stability,  is  seen  in  the  ease 
with  which  the  head  is  held  up.    That  it  is  so  held  by 
voluntary  muscidar  effort  is  evident  from  the  fact 
that  It  tends  to  fall  forward,  so  that  the  chin  rests  on 
the  breast,  when  unconsciousness  comes  on  When 
the  fore-arm  is  flexed,  and  extension  is  performed 
by  the  triceps  muscle,  wo  have  another  exami.le  of  a 
lever  of   the  first  order,  the  joint  being  between 
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Fig.  214.— The  Foot 
as  a  Lever  of  the 
First  Oi'der. 


the 


power  (triceps),  and  weight  (that  of  the  fore-arm). 
Here,  however,  the  power  arm  (page  495)  is  short, 
and  the  resistance  arm  is  long,  so  that  the  power  is  at 
a  disadvantage.  At  the  same  time  a  small  movement 
of  the  triceps  effects  a  considerable  movement  of  the 
hand,  and  thus  rapidity  of  move- 
ment is  obtained.  Again,  a  lever 
of  the  first  order  is  seen  when  the 
raised  foot  is  extended  on  the  ankle 
joint.  The  joint  is  fulcrum  f,  while 
by  the  tendo  Achilles  power  p  is  ap- 
plied, and  the  weight  w  of  the  fore 
part  of  the  foot  offers  the  resistance 
(Fig.  214). 

An  example  of  a  lever  of  the  second  order  is 
found  in  the  support  of  the  body  on  the  ball  of  the 
toes,  where  the  fulcrum  is  at  the  ball  of  the  toes.  The 
power  is  applied  by  the  muscles  of  the  calf  to 
heel,  and  the  weight  is  that  of  the 
body  communicated  through  the 
tibia,  the  weight  being  between  the 
power  and  fulcrum  (Fig.  215).  This, 
we  have  seen,  is  the  lever  of  power, 
because  the  power  arm  is  longer  than 
the  weight  arm.  It  is  not  so  com- 
mon in  the  body  as  the  lever  of  the 
third  order.  The  latter  is  the  lever 
of  quickness  at  the  cost  of  power,  for  the  power  is 
betAveen  fulcrum  and  weight,  and  has  a  shorter  arm 
than  the  weight.  As  a  compensation,  however,  a 
small  movement  of  it  will  effect  a  considerable  move- 
ment of  the  weight.  Rapidity  of  movement  is  thus 
the  object  attained  by  the  third  kind  of  lever.  Thus, 
a  good  example  is  aflorded  in  flexion  of  the  fore-arm 
on  the  upper  arm,  with  a  weight  in  the  hand.  The 
power  is  at  the  attachment  of  the  biceps  between  the 
elbow-joint  and  the  centre  of  gravity  of  the  fore-arm, 


Fig.  216.— The  Foot 
as  a  Lever  of  the 
Second  Order. 
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Fig.  216.— The  Foot  as  a 
Lever  of  the  Tfiird  Ori,er. 


through  which  the  weight  acts.  The  great  length  of 
the  weight  arm  is  here  very  apparent.  If  the  heel 
rests  on  the  ground  and  the  toes  are  raised,  we  have  a 
lever  of  the  third  order.  The 
fulcrum  is  the  ankle  joint,  the 
power  is  in  front  communicated 
by  flexor  muscles,  and  the  weight 
is  farther  in  front  (Fig.  216). 

We  have  seen  how  to  esti- 
mate the  moment  of  forces,  i.e. 
the  amount  of  the  force  multi- 
plied by  the  perpendicular  distance  between  the  line 
of  direction  of  the  force  and  the  fulcrum.    Thus,  in 
Fig.  217,  let  AB  represent  the  arm,  and  bc  the  fore-arm, 
and  Bc'  the  position  of  the  fore-arm  when  more  ex- 
tended.   At  a  the  biceps  is  act- 
ing in  the  direction  aa,  and  at 
c  the  weight  is  acting  downwards. 
The  moment  of  the  biceps,  which 
we  shall   call   x,  is  the  amount 
of  force    produced    by  its  con- 
traction, which  we  shall  call  p, 
multiplied  by  the  perpendicular 
distance  from    its  point  of  ap- 
plication to  the   elbow  joint  b. 
Fig.  217. -Moment  of  ^  =  ^  X   «R-     The  moment  of 
loXi^a  oTTh^  the  weight  (call  it  y)  is  the  pro- 
Fore-arm.-  duct  of  its  amount  (let  the  amount 

=  w)  multiplied  by  its  distance 
CB,  y=w  X  CB.  Let  them  be  in  equilibrium, 
then  x  =  y,  i.e.  p  x  aB  =  w  x  CB. 


Therefore 


p          W  X  0  B 

an' 


When  the  fore-arm  is  more  extended,  the  perpen- 
dicular from  the  line  of  direction  of  the  power  to  the 
fulcrum  18  less  than  before  ;  it  is  now  6b,  the  power 
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acting  in  the  line  h"h'  ;  therefore,  x  =  p  X  6b.  The 
distance  of  the  weight  becomes  cb.  The  moment  of 
the  forces  is  consequently,  affected  by  the  positions. 

We  thus  see  that  when  the  arm  is  straightened 
the  moment  of  the  biceps  is  at  its  smallest,  and  that 
its  greatest  moment  is  when  the  fore-arm  is  at  right 
angles  to  the  upper  arm,  when  the  muscle  acts  more 
perpendicularly  upon  the  radius.  It  is  to  be  noted, 
however,  that  the  loss  of  power  due  to  the  great 
obliquity  of  the  muscle  with  the  fore-arm  at  an  open 
angle  is  counterbalanced  to  some  extent  by  the  fact 
that  the  biceps  is  stretched  more  fully,  and  has  the 
whole  of  its  contraction  to  perform. 

Standing,  walfeing,  etc.  —  The  dynamical 
principles  that  have  been  briefly  referred  to  m  pre- 
vious chapters  are  capable  of  explaining  the  mechanics 
of  standing,  sitting,  etc.  ;  as  also  of  walking,  and  other 
movements  of  locomotion. 

In  standing  erect  the  first  condition  of  equilibrmm 
is  fulfilled,  viz.  the  vertical  from  the  centre  of  gravity 
falls  within  the  base  of  support.    According  to  E. 
Weber,  the  position  of  the  centre  of  gravity  of  the 
body  as  a  whole  is  in  the  vertebral  canal,  near  the 
level  of  the  upper  border  of  the  second  lumbar  ver- 
tebra    In  the  erect  posture,  therefore,  the  vertical 
through  it  falls  between  the  two  feet.     But  when  the 
feet  arc  close  together,  the  base  of  support  is  com- 
paratively small,  and  a  slight  movement  to  one  side 
or  other  will  throw  the  vertical   outside  ot  the 
line,  when  the  tendency  will  be  to  fall.    The  body  is 
not,  accordingly,  in  stable  equilibrium.     The  erect 
posture,  especially  the  military  posture,  is  not  one 
which  is  maintained  without  a  considerable  amount 
of  muscular  efl"ort,  the  tendency  being  for  the  body  to 
fall  forward,  a  tendency  which  is  met  by  the  resis- 
tance of  the  muscles  of  the  calf.    For  this  reason, 
maintaining  the  erect  position  is  more  tiring  than 
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walking.  If,  however,  the  feet  be  separated  from 
one  another,  the  base  of  support  is  enlarged,  and  stand- 
ing becomes  more  easy. 

As  regards  different  parts  of  the  body,  the  vertical 
from  the  centre  of  gravity  of  the  head  passes  in  front 
of  the  atlas  articulation ;  hence  the  head  tends  to 
fall  forward.  The  centre  of  gravity  of  head  and 
trunk,  including  the  arms,  is  in  front  of  the  tenth 
dorsal  vertebra,  at  the  level  of  the  xiphoid  process  of 
the  breast  bone.  It  is  nearer  the  front  the  shorter  the 
individual  happens  to  be.  The  vertical  passes  behind 
a  line  joining  the  hip  joints,  and  the  tendency  of  head 
and  trunk  is  to  fall  backwards.  This  is  overcome  by 
muscular  effort  aided  by  the  ligaments,  ileo-femoraJ, 
fascia  lata,  etc.  The  perpendicular  through  the  centre 
of  gravity  of  head,  trunk,  and  thighs  "falls  slightly 
behind  the  knee  joints,  so  that  the  tendency  is  still  to 
fall  backwards.  But  the  vertical  from  the  centre  of 
gravity  of  the  body  as  a  whole  passes  in  front  of  the 
ankle  joint  ;  hence  the  tendency  to  fall  forward. 

In  sitting:  the  body  is  supported  on  the  tuberosities 
of  the  ischia,  and  the  legs  are  thrown  out  of  action. 
The  vertical  through  the  centre  of  gravity  may  pass 
between  the  tubera,  in  front  of  them,  or  behind  them. 
In  the  two  last  cases,  muscular  effort  or  some  support 
prevents  the  body  falling  forwards  or  backwards. 
The  arm  leaning  on  a  table,  for  instance,  gives  sup- 
port to  the  forward  inclination,  and  the  back  of  a  chair 
prevents  the  backward  displacement.  In  the  first 
case,  slight  muscular  effort  maintains  the  balance. 

Walking: — The  feature  of  walking  is  that  the 
body  never  entirely  leaves  the  ground,  but  its  weight 
passes  alternately  from  one  foot  to  the  other.  The 
dynamics  of  walking  are  shown  in  Fig.  218,  where 
the  body  is  represented  with  one  leg  j  perpendi- 
cularly under  the  centre  of  gravity  g,  while  tlie 
other  is  behind,  resting  on  the  ground  by  the  ball 
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of  the  toes.  At  this  instant  the  leg  behind  begins 
the  advance  by  giving  the  body  an  impulse  forwards 

from  its  point  of  sup- 
port. The  force  acts 
in  the  direction  j'r. 
Let  GP  represent  the 
intensity  of  the  force. 
If  a  parallelogram  be 
constructed,  of  which 
GF  is  the  diagonal,  the 
force  GF  is  evidently 
resolvable  into  gv,  an 
upward  force  acting 
against  gravity,  and 
neutralised  by  it  and 
a  force  gh,  which  is 
the  part  of  the  impulse 
that  determines  the 
forward  movement.  If 
the  upward  movement 
GV  is  quite  neutralised 
by  the  downwai'd  force 
of  gravity,  the  body 
will  simply  be  ad- 
vanced in  a  horizontal 
line,  and  it  is  found, 
aS  a  fact,  tliat  up  and 
down  oscillations  of  the 
body  are  of  very  small 
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amount.  To  give  the  forward  impulse,  the  leg  that  is 
beliiud  is  extended,  and  in  continuation  of  tliat  action 
the  heel  is  raised  from  the  ground  by  the  extension  of 
the  ankle  joint,  till  the  leg  rests  on  the  ground  by  the 
tip  of  the  toes  only  (Fig.  219,  1,  hkfm).  By  this  exten- 
sion the  leg  finally  leaves  the  ground,  as  represented  by 
the  thin  line  of  3.  Meanwlule,  to  permit  the  exten- 
referred  to,  the  forward  leg  is  slightly  bent  at  the 
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Fig.  219.- 


-Dififerent  Positions 
Walking. 


of  the   Leg's  in 


knee,  but  when  the  leg  behind  it  leaves  the  ground, 
it  gi-adually  becomes  straightened  (3,  4,  5  of  Fig. 
219,  thick  line),  so  that  the  body  is  kept  from 
being  lowered.  The  leg  behind  is  thus  hanging, 
so  to  speak,  and  performs  a  pendular  movement 
(indicated  by  the  arrow  between  4  and  5),  swinging 
forwards  past  the  leg  which  is  now  supporting  the 
body,  till  it 
reaches  a  posi- 
tion as  far  in 
front  of  the 
supporting  leg 
as  it  was  for- 
merly behind 
it,  when  it 
tou  c  h  e  s  the 
ground.  It  has 
now  become 
the  forward  leg 

{had  heg  of  1,  2,  and  3),  while  the  leg  formerly  in  front 
has  come  to  occupy  the  posterior  position  (4,  5,  dark 
lines;  and  1,  thin  line).  In  slow  walking  there  is  a 
time  when  both  feet  are  on  the  ground,  the  forward 
foot  acting  as  a  fulcrum,  on  which  the  foot  behind 
pushes  the  body.  But  as  the  pace  increases,  the 
period  during  which  both  feet  touch  the  ground  grows 
less  and  less,  till  one  foot  has  no  sooner  touched  the 
ground  than  the  other  leaves  it.  This  is  sliown  s]ie- 
cially  well  by  Marey's  gra|)hic  method  of  registering 
the  movements  of  the  two  feet  by  a  tambour  in  each 
shoe,  connected  with  a  revolving  cylinder.  The  same 
method  shows  that  in  running  there  is  an  appreciable 
period  when  botli  feet  are  off"  the  ground. 

The  forward  impelling  force  lu-ges  the  body  on 
wards  against  the  resistance  of  the  aii-,  the  friction 
between  the  feet  and  the  ground,  etc.    It  is  evident 
from  Fig.  218  that  tlie  horizontal  component  of  the 
H  ir— 7 
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force  will  be  tlie  greater,  the  greater  the  inclination 
of  the  leg  behind  with  the  ground.  Again,  the 
faster  the  movement  the  greater  will  be  the  resistance 
of  the  air.  A  forward  inclination  of  the  body  will  act 
against  the  resistance,  and  so  aid  the  progression. 
Besides,  the  impulse  from  behind  acting  through  the 
centre  of  gravity  ■will  tend  to  throw  the  trunk  back- 
wards. The  forward  inclination  neutralises  this,  and 
prevents  the  necessity  of  muscular  action  beuig  called 
in  to  preserve  the  equilibrium. 

Besides  the  forward  movement,  there  is  a  slight 
movement  of  rotation  on  the  head  of  the  femurs, 
owing  to  one  leg  moving  forward  and  the  other  back- 
wards. This  is  to  some  extent  compensated  for  by 
the  arms,  the  arm  of  one  side  moving  in  the  same 
direction  as  the  leg  cf  the  opposite  side. 

The  motion  of  tha  leg  as  it  leaves  the  ground 
behind  is  akin  to  that  of  a  pendulum.  The  swing 
of  a  pendulum  is  directly  as  its  length,  and  the  time 
occupied  directly  as  its  swing.  In  natural  walk- 
ing, therefore,  the  length  of  the  step  will  be  deter- 
mined by  the  length  of  the  leg,  and  the  rapidity  of 
the  movement  also.  There  is,  therefore,  a  certain 
length  of  step  which  is  least  fatiguing  to  the  individual, 
since  it  permits  the  full  development  of  the  rhythmic 
movement  suitable  to  the  limb. 
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 ,  Compound,  3^11 

 ,  Fundamental,  31.2 

 ,  Intensity  of,  314 

 ,  Mixture  of,  340 

 of  spectrum,  319 

 ,  Primary,  342 

 ,  Saturation  of,  341 

 ,  Secondary,  342 

 ,  Tone  of,  344 

Coloured  rings  of  Newton,  408 
Communicating    vessels,  Kriuili^ 

brium  of  liquids  in,  193 
Commutator,  59 

•"'"'^Peusatiou  of  muscle  current, 

Compensator,  Long,  121 

— ,^Iiouud  (Du  I5ois-Keymond), 


Compensator,   Bound,  Modified 

by  Christiani,  140 
Compound  microscope,  358,  363 
 waves,  435 

Compressibility  of  gas,  271,  272 

 of  liquids,  188 

Concave  lenses,  318 

 meniscus,  241 

 mirroVs,  303  ct  ^q. 

Condensation,  Wave  of,  in  sound 
418 

Condenser,  Abbe's,  3t34 

 ,  Electric,  11 

Conduction  of  heat,  456 
Conduct-ors  of  electricity,  4 

 of  heat,  457 

Conjugate  foci,  304,  314,  315 

Constant  current,  64 

~ —  elements,  18 

Contact  breaker,  Foucault's  40 

 key,  55 

Contraction,  Muscular,  65 

 .  ,  Curve  of,  136 

 >  .  Law  of,  87  ti  sue;. 

~i  — — ,  Secondary,  72 

 ,  ,  Tetanic,  67 

Convection  of  heat,  458 
Converging  lens,  313 
Convex  lenses,  313,  316 

 meniscus,  242 

—  mirrors,  305  et  seq. 
Corpuscular  theoi-y  of  light,  296 
Couple,  Dynamical,  494 
-;— ,  Voltitic,  16 
Crico-thyroid  muscles,  448 
Critical  angle,  310 
Crystalloids,  258 
Cuneus,  12 

Cupping  instruments,  287 
Curare.Preparation  of  solution  of 
tor  experiment,  75  ' 
Current  electricity,  13  et  seq. 

 '■'  -Action  of  on  magnets, 

.  Effects  of,  50  ct  seq. 
~r  ~'  Production  of  magnets 

Oy,  Oa 

■  ,  Extra,  43 

— —  from  tniuscle,  117 

 from  nerve,  119 

 ; — .  Rapidity  of,  129 

 ,  Induced,  34—36 

 ,  Interrupted, 64 

- — ,  Thermo-electric,  142 

Curve  of  fatigue,  179 

~170        """soular  contraction. 

Cylinder,  Revolving  171 
Czurmak,  319  ' 
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Dal  ton's  law,  288 

Damping  chamber  for  galvano- 
meter, 106 

Daniell's  element,  19 

Danish  balance,  497 

Dark  lines  of  solar  spectrum ,  321 

Decoction  of  madder.  Fluores- 
cence of,  337 

Decomposition  by  diffusion,  251 

  of  a  vibration  into  two  at 

right  angles,  401 

 of  light,  319 

Degenerative  reactions  of  Erb, 
lfi3 

Densimeter  of  RousFcau,  204 
Density,  Electrical,  5,  25 

 of  gas,  273 

 of  liquids,  197 

•  ,  ,  Methods  of  estimating, 

198  et  scg. 
 ,  ,  Eelation  of  td  pressure, 

194 

Djiived  currents,  32 

Deriving  cushions,  112 

Desormeaux,  Endoscope  of,  355 

Despretz'  exijeriments  on  com- 
pressibility of  gas,  272 

Dextro-rotatory,  413 

Diabetes,  Specific  gravity  of  urine 
in,  204 

 ,  Use  of  saccharimeter  in,  145 

Diagnosis,  Electricity  for,  159 
Dialyser,  261 
Dialysis,  260 
Diamagnetic,  94 
Diathei-mancy,  335 
Diathermanous,  462 
Dicrotism,  225 
Difference  of  potential,  13 

■  of  tones,  433 

Ditferential  galvanometer,  108 

Diffusiometer,  280 

Diiiusion    affected    by  galvanic 

current,  258 

 ,  Decomposition  by,  251 

 images,  383 

 of  albumen,  259 

 of  gases,  288 

.     through  porous  septa, 

290 

 of  liquids,  248 

Dip  of  magnetic  needle,  93 
Direct  vision  prism,  330 

 spectroscope,  330 

Discharger,  Electric,  12 
Dispersion  of  light,  320 
Dissonance,  432 

Diverging  lens  (sec  Concave),  315 
JJivided  circuits,  32 


Dobbie  and  Hutchison's  method 

for  estimating  si),  gr.,  200 
DoUoud,  346,  359 

Donders  on  anomalies  of  refrac- 
tion, 389 
Double  refraction,  397 
Doublet,  WoUaston's,  358 

 for  achromatic  lenses,  361 

Doubly  refractive  substances.  De- 
tection of,  404 
Drawing  of  microscopic  objects, 
371 

Dromograph  of  Lortet  and  Chau- 

veau, 233 
Dropsies,  Mechanism  of,  267 
Du  Bois-Eeymoud  : 

electrodes,  non-polarisable, 

111,  119 

 (platinum),  61 

friction-key,  55 

galvanometer,  99 

iuductorium,  42 

 modified  by  Helniholtz,47 

modification  of  Poggendorrt's 
compensation  method,  1S.0 

modified  fro!;-interrupter,  129 

modified  spring  myograph,  176 

muscle  telegraph,  63 

rheocord,  77 

round  compensator,  125 
Diichenne,  159 
Dufay,  3 

Dulong,  Calorimeter  of,  482 
 ,  experiments  on  gaseous  pres- 
sure, 272 
Dutrochet,  251 

Dynamics,  General,  485  ct  soq. 

 of  sitting,  511 

 of  walking,  etc.,  511 

Dynamometer,  489 

Ebullition,  473 

 ,  Point  of,  471 

Eckord,  256 

Efflux,  Velocity  of,  208 

Elastic  force  of  gas,  270 

 tubes  and  flow  of  liquids,  220 

Electric  attraction  and  repulsion,  5 

 battery  of  galvanic  cells,  24 

 ^  of  Leyden  jars,  12 

 condensers,  11 

 density,  5 

 discharger,  12 

 induction,  34 

 potential,  13 

 signal,  172 

.  tension,  6 

Electrical  machines,  8 
Electricity,  Conductors  of,  4 
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Electricity,  Current,  13 

 ,  Density  of,  5,  25 

 ,  Effects  of,  50 

 ,  on  mfiguets,  04 

 ,  Frictional,  1 

 ,  Induced,  6,  31 

 ,  Intensity  of,  25 

 of  muscle,  117 

 of  nerve,  119 

 ,  Resinous  ajid  vitreous,  2 

 ,  Resistance  to,  26 

 ,  Tension  of,  6,  25 

 ,  Theories  of,  3 

 Therapeutical  appUcations 

of,  118 

Electrification  by  influence  7 
Electrodes,  17  ' 

  for  medical  purposes,  157 

 ,  Non-polarisable,  112 

 ,  Platinum,  60 

 ,  Polarisation  of,  111 

Electrolysis,  50 
Electrolyte,  52 
Electro-magnet,  53 
Electro-magnetism,  168 
Electromotive  force,  17 

  of  a  thermal  current, 

of  various  elements,  24 
 to  measure  by  compen- 
sation, 120 
Electromotor,  Capillary,  244 
Electro-negative,  52 
Electrophorns,  9 
Electro-positive,  52 
Electroscope,  Gold-leaf,  7 

 ,  Pith-ball,  6 

Electrotonus,  77 

— —,  Effects  of,  on  electromotive 
lorce  of  a  nerve,  126 

'  >  on    excitability  of  a 

nerve,  83,  87  j   "  u, 

 ,  Experiments  on,  85 

 ,  Results  of,  86 

 ,  Scheme  of,  81 

- — ,  Varieties  of,  86 

Element,  Galvanic,  Bunsen's,  22 

>  .  Chloride  ot  silver,  23 

>  .  Constant,  18 

■  >  .  Daniell's,  19 

 .  ,  Gailfe's,  23 

 •  .  Gravity,  20 

 ,  Grenet's,  22 

<   .  Ijeclanchf-'s,  23 

•  .  Marie-Davy's,  23 

 ■  ,  Pincus',  23 

 ■  .  Smee's,  21 

■  ■  ,  Volta'g,  16 

.  ,  Warren  de  la  Rue's,  23 


Elements,  Modes  of  joining  to 

form  battery,  28,  31 
Emission  of  heat,  461 

•  theory  of  light,  296 

Emmetropic,  383 
Endoscope,  355 
Eudosmosis,  252 

•  ,  Absorption  by,  261 

 affected  by  hydrocUorio  acid 

262 

Eudosmotic  equivalent,  256 
Equilibrium  of  liquids  iu  com- 
municating vessels,  193 

 ,  Stable  and  unstable,  501 

Equivalent  of  heat.  453 
Erb,  163 

Ether,  Cold  produced  by  evapo- 
ration of,  474 

Evaporation,  474 

Exchanges  of  gases  in  lungs  2P3 

Excitability  of  nerve  affected  by 
electrotonus,  77 

Exosmosis,  252 

Expansibility  of  gas,  270 

Eximnsion  by  beat,  461 

 ,  Coefficient  of,  465 

Extra  cuiTent,  43 

Extraordiuary  ray,  398 

Eye,  Aberrations  of,  394 

 ,  Accommodation  of,  3=13,  Z<7 

 as  an  optical  instrument.  3/4 

 ,  Emmetropic,  3S3 

 ,  Hypermetropic,  338 

 ,  Myopic,  389 

 ,  Optic  axis  of,  380 

•  ,  Optical  constants  of,  380 

 ,  Refraction  of,  388 

- — ,  Visual  angle  of,  3S2 
Eye-glass,  358 
Eye-piece,  359 

 >  Micrometer,  368 

~370  Hartuaok  (binocular), 

of  Huyghens,  362 

Fahrenheit's  thermometric  scale, 
468  * 

Fall  hammer.  Pflueger's,  68 
Falling  bodies,  Laws  of,  503 
Faraday,  discovery  of  induction 

currents,  34 
Faradisation,  MO 

Local  and  general,  ot  body, 

Favro,  455.  479 

Fick'a  spring  kymographion,  229 
1'  icld-glass,  359 

o""'  in  mi'sic,  42S 
1'  iltratioii,  266  . 
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Pizeau's  method  of  calculatiug 

the  velocity  of  light,  299 
riuoresceuoe,  336 
Focai  distance  of  lens,  313 

 of  mirror,  303 

 interval  of  Sturm,  392 

 Ijoints,  392 

Focus  of  lens,  Conjugate,  311 

 ,  Princiiial,  315 

 ,  Real,  315 

 ,  Virtual.  315 

 of  mirrors.  Conjugate,  304 

 ,  Principal,  303 

.  ,  Real  and  virtual,  305 

Force,  4S7 

 ,  Composition  of,  492 

 ,  Electromotive,  17,  27,  120 

.  ,  Measurement  of,  488 

 ,  Parallelogram  of,  491 

■  ,  Eepresentation  of,  490 

 ,  Resultant,  490 

Formation  of  images  by  lenses, 
316 

 .  by  mirrors,  306 

Formula  for  focal  distance  of 

lenses,  30a 

 for  ophthalmometer,  396 

 for  size  of  image  formed  by 

lenses,  318 
 formed  by  mirrors, 

3  J8 

 of  retinal  image,  381 

 for  pendvilum,  506 

 for  spectacles,  SbS,  390 

Fouoault's  regulator.  111 
Foulis'  auto-laryngoscope,  Sol 
Frankland,  455 
Franklin,  3 

Fra\mhofer's  lines,  321 
Freezing  mixtures,  472 

 point,  467 

 temperature,  474 

Frequency  of  a  vibration,  298 
Friction, Coefficient  of,  in  diffusion 

of  gases,  290  _ 

 key.  Galvanic,  55 

Frictional  electricity,  1 

 machines,  9 

 ,  Holtz',9  . 

Frog-heart  apparatus  of  Ludwig, 

236 

Frog-interrupter,  129 
Fundamental  colours,  341 
Fusion,  470 

 ,  Latent  heat  of,  471 

GailTe's  cell,  23  .     y  ^ 

Galvaui,  theory  cf  niumal  electri- 
city, 14 


Galvanic  battery,  24 

 current.  Effect  of  in  osmosis, 

258 

 elements,  19  et  seq. 

 keys,  54 

Galvanism,  149 

 ,  Application  of,  in  medicine, 

158 

Galvanometer,  Aperiodic,  110 

 ,  Astatic,  of  Nobili,  98 

 ,  Differential,  103 

 ,  its  use  iu  the  measurement 

of  resistances,  138 

 of  temperature,  145 

 ,  of  time,  128 

 ,  in  i>hysiology,  110 

 ,  Reflecting,  of  Sir  W.  Thom- 
son, luO 

 ,  ,  of  Wiedemann,  lOo 

 shunt,  103 

 ,  Tangent,  96 

Gas,  Absorption  of,  by  liqmds, 
291  , 

 ,  Coefficient  of  absorption  of, 

291  ^ 

 ,  CompressibUity  of,  2/1 

 ,  Density  of,  273 

 ,  Diffusion  of.  283 

 _   through  porous  septa, 

290 

 ,  Elastic  force  or  expansibility 

of,  270 

  Liquefaction  of,  273 

 ,  Olefiant,  462 

 ,  Partial  pressure  of,  m  a  mix- 
ture, 288 

 sphygmoscope,  235 

  Unequal  compressibiUty  ot, 

272 

 ,  Weight  of,  273 

Gaseous  state,  270  ^_ 
Gauss'  optical  constants,  oiV> 
Geissler's  tubes,  339 
Gilbert,  1 
Glass,  Canary,  337 

 ,  Uranium,  337 

Glowworm,  339 

Graham  on  absorption  of  gases 
by  hquids,  291 

 on  gaseous  diffusion.  290 

  on  liquid  diffusion,  249 

Graphic  method,  170 

 registration,  170 

Gravity,  Centre  of,  196,  etc. 

 element,  20 

 ,  Specilic,  197 

 ^  ,  of  pure  milk,  etc. 

Greuet's  element,  22 
Grotthiis,  52 


,  206 
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Grove's  element,  21 
Gyroti-ope,  59 

HoBtDadyiiamometer,  227 
Hffimatin,  Absorption  band  of, 
327 

Hcemoprlobiu,  Absorption  bands 
of,  327 

 ,  Methods  o£  demonstrating 

bands  of,  333 
Hffimodromometer,  230 
Htemotachometer,  Vierordt's,  232 
Hales,  227 
Hall,  346,  359 
Harmonic  series,  436 
Hartuack's  micro-spectroscope, 

329 
Harzer,  256 
Hany's  bar,  107 
Heat,  Absorption  of,  461 
 ,  Amount  of,   liberated  by 

body,  482 

 ,  Capacity  for,  476 

 ,  Conduction  of,  456 

 ,  Convection  of,  458 

 ,  Emission  of,  461 

 ,  Expansion  by,  464 

 ,  Latent,  471 

 ,  ,  of  fusion,  471 

 ,  ,  of  vapour,  473 

 ,  Mechanical  energy  converted 

into,  452 

 ,  ,  Equivalent  of,  453 

 ,  Nature  and  soiu'ces  of,  451 

 ,  Radiation  of,  459 

 ,  E^-gulatiou  of,  of  body,  483 

 ,  Specific,  476 

 ,  ,  of  the  animal  body, 

477 

 ,  Unit  of,  455 

Heidenhain's  tetanometer,  74 

Height  of  homogeneous  atmo- 
sphere, 274 

Helmholtz,    Colour  sensation, 
tbeory  of,  343 

 ,  Modification  of   Du  Bois' 

inductorium,  47 

 ,  Myographion  of,  175 

 on  difference  tones,  433 

 on  mixture  of  colours,  840 

 on  visual  angle,  382 

 on  vowel  souuds,  4-19 

 ,  Ophthalmometer  of,  395 

 ,  OphthiUmoscope  of,  351 

 ,  Phakoscope  of,  385 

 ,  Resonators  of,  444 

 ,  Siren  of,  427 

 ,  Thermo-electric  needle  of. 

1  _L7  ' 


Hersohell,  334 
Homocentric,  391 
Hooke,  451 

Hoppe  Seyler  on   spectrum  of 

blood,  328 
Huyghen's  eye-piece,  362 

 undulatory  theory,  296 

Hydraulic  press,  190 
Hydrodynamics,  188,  207 
Hydrometer,  Fahrenheit's,  202 

 ,  Nicholson's,  202 

 of  constant  volume,  203 

 weight,  2U3 

Hydrokinetics,  188 
Hydrostatic  balance,  198 

 paradox,  191 

■  pressure,  212 

Hydrostatics,  188 
Hypermetropia,  388 

Iceland  spn;r,  397,  402 
Idioelectrics,  4 
Images,  Diffusion,  383 

 ,  Tormation  of,  by  lenses,  316 

 ,  ,  by  mirrors,  306 

 ,  Real,  307 

 ,  retinal,  Size  of,  381 

 ,  Size  of,  formed  by  lenses, 

318 

 ,  ,  formed  by  mirrors,  308 

 ,  Virtual,  307 

Imbibition,  246 
Inclination  of  magnet,  93 
ludiHerence  point,  91 
Induced  currents,  35 

 ,  Direction  of,  36 

 ,  Effects  of,  on  muscle, 

64 

Induction  coils,  Reymond's,  42 

 ,  Euhmkorfi's,  39 

 ,  Electric,  34 

 ,  ,  apparatus,  154 

 ,  Electrostatic,  6 

 ,  Magnetic,  92 

 ,  Magneto-electric,  38 

 ,  ,  Apparatus  for,  156 

 ,  Unipolar,  57 

Insulators,  5 
Intensity  of  colour,  344 

 of  electric  current,  25 

 of  ligut,  301 

 of  sound,  423 

Interference  of  light,  397 

 of  sound,  429 

Interrupted  currents.  Effects  of, 

on  muscle,  65 
Intervals  in  music,  427 
Irregular  astigmatism,  394 
Isotropous,  402 
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Jolly,  256 

Joule's  equivalent,  452 

Katelectrotonus,  82,  86 

Rations,  52 

Katode,  52 

Keys, ^Galvanic,  54 

 ,  -^^ — ,  Contact  or  spring,  55 

 ,  ,  Friction,  of  Du  Buis- 

Reymond,  56 

 ,  ,  Mercury,  54 

Kirclilioflf,  322 
Klangfarbe,  435 
Kleist's  jar,  12 

Koenig's  apparatus  for  analysing 

sound,  447 

■  ■  stethoscope,  422 

Kronecker's  caniile  for  frog-heart, 

236 
Kiiss,  267 

KymographioB,  Fick's,  229 
■  ,  Ludwig's,  228 

Lactodensimeter,  206. 
Lactometer,  206 
Lampyre,  339 
Ijaplace,  479 
Lai-yngoscope,  349 

 of  Foulis,  351 

Latent  heat  of  fusion,  471 

 of  vapour,  473 

 i^eriod  of   stimulation,  129, 

177 

Lauder  Brunton's  method  of  ex- 
perimenting on  frog-heart,  238 
Lavoisier,  479 

Law  of  contraction,  87  ct  peg. 

■  of  falling  bodies,  503 

 of  Leuz,  36 

Leclauch^'s  element,  23,  150 
Length,  Standard  of,  485 
Lenses,  Aberrations  of,  344 

 ,  Aclu-omatic,  347 

 ,  Collimating,  330 

■  ,  Focal  distance  of,  316 

 ,  Foci  of,  313  ci  seq. 

- — ,  Formation  of  images  by,  316 

 ,  Forms  of,  312 

 ,  Immersion,  362 

 ,  Size  of  image  formed  by,  318 

Lenz'  law  for  induction  currents, 

36,  38 
Leslie,  463 
Leuwenhoech,  357 
Levers,  494 

 in  human  body,  507 

Leyden  jar,  11 
Liebig  on  dialysis,  261 
 on  imbibition,  247 


Liebig  on  osmotic  action  in 
absorption,  264 

Light,  Analysis  of,  319 

 ,  I)ouble  refraction  of,  397 

 ,  Intensity  of,  301 

 ,  Interference  of,  406 

■  ,  Nature  of,  296 

 ,  Polarisation  of,  401 

— — ,  Eecomposition  of  spectrum 
of,  320 

■  ,  Eeflection  of,  3fll 

 ,  Eefraction  of,  308  et  scg. 

 ,  Spectrum  of,  319 

■  ,  Theories  of,  293 

 ,  Velocity  of,  299 

 ,  Vibrations  of,  297 

Lipijmann's  capillary  electro- 
meter, 244i 

Liquids,  Absorption  of,  261 

 ,  of  gases  by,  291 

 ,  Adhesion  of,  240 

 and  capillary  action.  241 

 ,  Cohesion  of,  188,  239 

- — ,  Diffusion  of,  248 

— — ,  Equilibrium  of,  in  communi- 
cating vessels,  193 

 ,  Filtration  of,  266 

 ,  Flow  of,  in  uniform  tubes, 

211 

 ,  ,  in  bent  tubes,  214 

 ,■  ,  in  capillary  tubes,  215 

 ,  ,  in  elastic  tubes,  216, 220 

 ,  ,  in  ramified  tubes,  215 

 ,  ,  in  tubes   of  varying 

diameter,  214 

 ,  Point  of  saturation  of,  248 

 ,  Specific  gravity  of,  197 

 ,  Surface  tension  of,  240 

 ,  Transmission  of  pressure  by, 

189 

 ,  Transudation  of,  266 

 ,  Upward  pressure  of,  192 

 ,  Velocity  of  efflux  of,  208 

Liquefaction  of  gas,  287 
Listing's  values  for  card'naJ  points 

of  the  human  eye,  380 
Liston,  349 
Loadstone,  90 
Local  ana3sthe?ia,  474 
Localised  faradisation,  159 
Ludwig's   frog-heart  apparatus, 

236 

 kymographion,  228 

 observations  on  eudosmotio 

equivalent,  256 
Luminiferous  ether,  296 
Luminous  bodies,  299 
Lungs,  Exchange  of  gases  in, 

293 
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M  lohines,  Electrical,  8 

 ,  rrictioual,  9 

■  ,  ,  Holtz',  9 

M'ngjiesiiim,  Phosplioresoence  of. 

Magnetic  attraction,  91 

 inclination,  93 

 induction,  92 

 keeper,  93 

•  magazine  or  battery,  93 

 needle,  93 

 ,  Astatic,  98 

 repulsion,  91 

Magnetisation,  Methods  of.  92 

 ,  Permanent,  92 

Magnetism,  Eesidnal,  53 
 ,  Theories  of,  92 

Mngueto-electric  induction,  38,- 
156 

Magnets,  90 

 ,  Accessory,  107 

 ,  Action  of  electric  cuiTents 

on,  94 

 ,  Artificial,  90 

 ,  Care  of,  94 

 ,  Electro-,  53 

 ,  Induction  by,  38 

 ,  Natural,  90 

■  >  Permanent,  92 

~,  Production  of,  by  currents,- 

Manometers,  227 
Manometric  flames,  446 
Marey's  cardiourapb ,  230 

 chronograph,  173 

 heart  forceps,  238 

— -  method  of  registration,  I85 

 myograph,  178 

  pantograph, 187 

 sphygmogra,ph,  233' 

•  spbygmoscnpe,  234 

 tambour,  185 

 vibrating  stylet  for  chrono- 
graph, 173 
Marked  pole,  91 
Marriotte'a  bottle,  238 

■  law,  271 

•  tube,  272 

Matteucci,  112 
Mayer,  '152 

""m^ter^l^'^  '^'^''^"'^'•y  ^'<=<=t'-°- 

Measurement  of  bodies  (length 
and  weight),  485 

of  electromotive  force,  120 

 of  force,  4S8 

 of  quantity  of  boat,  479 

 of  resistance,  13-1 


Measurement  of  temperature,  146, 
465 

 of  time  by  chronosraph,  173 

 by  galvanometer,  128 

Mechanics  of  circulation,  222 
Mechanism  of  absorption,  261 

 of  circulation,  222 

 of  iiltration,  266 

 of  inspiration,  284 

- —  of  expiration,  284 

 of  secretion,  266 

 of  transudation,  266 

Melloni's  exiieriments  on  heat, 
463 

Melting  point,  470 
Mercurial  manometer,-  227 

 thermometer,  466 

Mercury  key,  54 

^ethoemoglobin.  Absorption  band 

or,  0^0 
Metronome,  71 

Micrometer  for  eye-pieceof  micro- 
scope, 368 

— -  for  stalge  of  microscope,  36i3 

Microscopes,  Aberrations  iu,  359 

 ,  Binocular,  369  ei  seg. 

— — ,  Compound,  358 

 ,  Dra-wing  apparatus  for,  371 

 ,  Measurement  of  magnifvine 

power  of,  366  b     j  5 

 ' —  of  actual  size  of  object 

under,  368 
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 ,  Inherent  iiTitability  of,  75 
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Pith-ball,  3 

Plaue  mu-rors,  301,  350 

 polarised  Ught,  401 

Poggeudortt's  compensation 

method,  120 
Point,  Boiling,  467,  471 

 ,  Freeziug,  467 

 of  fusion,  470 

 of  saturation  of  liquids,  248 

Points  of  derivation,  32 
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 pressure,  192 
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Spectrum,  319 

 analysis,  323 

 ,  Dark  liues  of,  321 

 ,  Effects  of,  334 

 ,  Theory  of,  320 

Speed  of  blood  stream,  320 
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 mirrors,  302 
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Stolirer'a  battery,  150 

Stokes,  322,  326 

Stopped  tube  or  pipe,  443 

Stromulir,  Ludwig's,  231 

Sturm,  Focal  interval  of,  392 

Suction  pump,  278 

Sulphate  of  quinine,  Phospbor- 
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cence of,  339 
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Sjmmer,  3 

Sympathetic  vibration,  439 
Syphon,  279 

 barometer,  277 

System  of  refractive  media,  377 

Tambour  of  Marey,  185 
Tangent  galvanometer,  96 
Temperature,  465 
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 ,  Electric,  6,  25 
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Thermal  capacity,  476 

— ^  effects  of  electric  current, 

 unit,  45-4 
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 needle,  147 

  pile,  144 

 series,  143 

Thermometers,  466 
Thermometric  scales,  468 
Thermometry,  464 
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ihyroid  cartilage,  418 
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Trade  winds,  459 
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Transparent,  299,  461 
Transmission  of  movement  184 
- —  of  pressure,  189 
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Triplet,  301 
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Tubes,  Capillary,  215 

 ,  Kla.^tic,  21(3 

■  ,  Flow  of  liquids  in,  211 


Tubes,  Rigid  and  elastic  com- 
pared, 220 
Tuning  fork,  444 
- —  - —  for  chronograph,  173 
1  wo-fluid  theory  of  eleciiricitv,  2 
Tjndall,  335,  453,  463 

Ultra-red  rays,  335 
Ultra-violet  rays,  336 
Undulatory  theory  of  light,  295 
Unipolar  induction,  57 
Unit  of  electromotive  force,  17 

 of  resistance,  33 

 ,  Thermal,  454 

Unpolarisable  electrodes.  111 
Unstable  equilibrium,  501 
Upward  pressure,  192 
Uriiri,  75 
Urinometer,  205 

Vaporisation,  470 

Vapour,  Latent  heat  of,  473 

Variation  of  rauscle-curreut,  118 

Velocity  of  efHux,  208 

 of  light,  299 

Vena  contractn,  209 

Ventral  segments,  437 

Vibrating  style  of  Marey,  173 

Vibration,  Amplitude  of,  298 

 ,  Frequence  of,  298 

  of  a  pendulum,  506 

 ,  Time  of,  506 

 of  a  string,  437 

 ,  Period  of,  297 

 ,  1  base  of,  298 

- — ,  Sympathetic,  439 
Vierordt's  hiemotacliometer  212 
— ■—  spbygmograph,  233 
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 of  mirror,  305 

 image  rf  leus,  318 

 of  mirror,  307 

visual  angle,  383 

Voice,  Production  of,  449 
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Volta,  14 
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 pile,  14 

Voltameter,  51 
Vowel  sounds,  450 

Wagner's  hammer,  42 
Walking,  Dyui.raics  of,  .'ill 
Warren  de  la  Kue's  element,  £3 
Water  calorimeter,  479 
Waves  character  of,  217 
 ,  Compouud,  l.'SS 
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 ,  Length  of,  298 

 of  muscular  contraction,  Ke- 

gistration  of,  184 
— —  of  pulse,  225 

 of  sound,  418 

.  ,  Positive  and  negative,  217 

 ,  Propagation  of,  217 

 ,  Registration  of,  l)y  graphic 

method,  217 
Weight  of  gds,  273 

 ,  Standard  of,  486 

Wenham's  binocular  prism,  370 
Wheatstoue's  bridge,  138 
 rheostat,  135 


Wheatstone's  revolvin''  mirror, 
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Wheel  barometer,  277 
Wiedemann's  boussole,  104 
Wittich,  Von,  267 
WoUaston's  camera  lucida,  371 

 doublet,  358 

 experiment  on  freezing  by 

evaporation,  475 
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Physician  to  Bethlem  Royal  Hospital,  and  Lecturer  on  Mental 
Diseases  at  Guy's  Hospital. 

3.  — Diseases  of  the  Breast.   By  Thomas  Bryant, 

F.R.C.S.,  Surgeon  to  and  Lecturer  on  Surgery  at  Guy's 
Hospital. 

4.  — Intestinal    Obstruction.     By  Frederick 

Treves,  F.  R.C.S.  ,  Assistant  Surgeon  to  and  Lecturer  on 
Anatomy  at  the  London  Hospital. 

S-— Surgical  Diseases  of  the  Kidney.  By 

Henry  Morris,  M.B.,  F.R.C.S.,  Surgeon  to  and  Lecturer  on 
Surgery  at  Middlesex  Hospital. 

6.— The  Pulse.     By  W.   H.  Broadbent,  M.D., 

F.R.C.P.,  Physician  to  and  Lecturer  on  Medicine  at  St.  Marj-'s 
Hospital. 

■J.— Diseases  of  the  Tongue.    By  H.  T.  Butlin, 

F.R.C.S.,  Assistant  Surgeon  to  St.  Bartholomew's  Hospital. 

5.  — Surgical  Diseases  of  Children.  By  Edm  und 

Owen,  M.B.,  F. R.C.S. ,  Surgeon  to  the  Children's  Hospital, 
Great  Ormond  Street,  and  Surgeon  to  and  Lecturer  on  Anatomy 
at  St.  Mary's  Hospital. 

g.— Diseases  of  the    Urethra.    By  Clement 

Lucas,  B.S.,  M.B,,  F. R.C.S.,  Senior  Assistant  Surgeon  to  Guy's 
Hcspital. 

\o.~Diseases  of  Joints.    By  Howard  Marsh, 

F.R.C.S.,  Senior  Assistant  Surgeon  to  and  Lecturer  on  Anatomy 
at  St.  Bartholomew's  Hospital,  and  Surgeon  to  the  Children's 
Hospital,  Great  Oimond  Street. 

ji.— Fractures  and  Dislocations.  By  T.  Picker- 
ing Pick,  F.R.C.S.,  Surgeon  to  and  Lecturer  on  Surgery  at 
St.  George's  Hospital. 

i2.~Diseases  of  the  Hectum  and  Anus.  By 

Charles  B.  Ball,  M.Ch.  (Dublin),  F.R.C.S.E.,  Surgeon  and 
Clinical  Teacher  at  Sir  P.  Dun's  Hospital. 

Ot/ier  Volumes  will  folloio  in  due  course. 
Cassell  &  Company,  Limited,  Ludgate  Hill,  London. 


The  Year-Book  of  Treatment, 


A  Critical  Review  for  Practitioners  of  Medicine. 
Price  5s. 


THE  object  of  this  book  is  to  present  to  the  Prac- 
titioner not  only  a  complete  account  of  all  the 
more  important  advances  made  in  the  Treatment  of 
Disease,  but  to  furnish  also  a  Review  of  the  same  by 
a  competent  authority. 

Each  department  of -practice  will  be  fully  and 
concisely  _  treated,  and  into  the  consideration  of  each 
subject  will  enter  such  allusions  to  recent  pathological 
and  clinical  work  as  bear  directly  upon  Treatment. 

The  medical  literature  of  all  countries  will  be 
placed  under  contribution,  and  the  work  will  deal  with 
all  matters  relating  to  Treatment  that  have  been  pub- 
lished during  the  year  ending  September  30th. 

A  full  reference  will  be  given  to  cilery  article  noticed. 
The  Year-Book  will  be  Published  Annually  in  December. 

List  of  the  Subjects  and  CoNTRinuroRs  :— 

1.  Diseases  of  the  Heart  and  Circulation     By  J 

Mitchell  Bruce,  M.D.,  F.R.C.P.,  Physician  to 
Charing  Cross  Ilospital. 

2.  Diseases  of  the  Lungs  and  Organs  of  Respira- 

tion. By  R.  FJouGLAs  Powell,  M.D.,  F.R.C.P., 
Physician  to  Middlesex  Hospital. 

3.  Diseases  of  the  Nervous  System.    By  A  df. 

Watteville,  M.D.,  B.Sc,  Physician  to  the  Klectrical 
Department,  St.  Mary's  Hospital. 

4-  Diseases  of  the  Stomach,  Intestines,  Liver  &c 

By  T.  Lauder  Brunton,  M.D.,  F.R.C.P.,  F.R.S 
Assistant  Physician  to  .St.  Bartholomew's  Hospital.'    "  ' 

5-  Diseases  of  the  Kidney,  Diabetes,  &c    By  c  H 

Ralfe,  M.D.,  F.R.C.P.,  Assistant  Phy.sician  to  '  the 
London  Hospital. 

6.  Rheumatism  and  Gout.     By  Dyce  Duckworth 
M.D  ,  F.R.C.P.,  Assi..t.nt  Physician  to  S  B^Zl"'. 
mew  s  Hospital. 


7.  Anaemia,  Scurvy,  &c.  By  Sidney  Coupland,  M.D., 
F.R.C.P.,  Physician  to  Middlesex  Hospital. 

S.  Medical  Diseases  of  Children.  By  A.  E.  Sansom, 
M.D.,  F.R.C.P.,  Physician  to  the  North  Eastern  Hos- 
pital for  Children  and  to  the  London  Hospital. 

9.  Continued  Fevers.    By  F.  A.  Mahomed,  M.D.. 

F.R.C.P.,  Physician  to  the  London  F""ever  Hospital  and 
Assistant  Physician  to  Guy's  Hospital. 

10.  General  Surgery.    By  Thomas  Bry.ant,  F.R.C.S., 

Surgeon  to  Guy's  Hospital,  and  Frederick  Treves, 
F.R.C.S.,  Assistant  Surgeon  to  the  London  Hospital. 

11.  Orthopaedic  Surgery.  By  J.  Wakrington  Haward, 

F.R.C.S.,  Surgeon  to  Si.  George's  Hospital. 

12.  The  Surgery  of  the  Female  Pelvic  Organs. 

By  J.  K.NOWsi.EV  Thornton,  ALB.  and  CM.,  Surgeon 
to  tiie  Samaritan  Hospital. 

13.  Diseases  of  the  Genito-urinary  Organs.  By 

Reginald  Harriso.n,  F.R.C.S.,  Surgeon  to  the  Royal 
Infirmary,  Liverpool. 

14.  Surgical  Diseases  of  Children.     By  Edmund 

Owen,  P\R.C.S.,  Surgeon  to  the  Children's  Hospital, 
Great  Ormond  Street,  and  to  St.  Mary's  Hospital. 

15.  Venereal  Diseases.    By  Alfred  Cooper,  F.R.C.S., 

Surgeon  to  the  Lock  Hospital. 

16.  Diseases  of  "Women.    By  John  Williams,  M.D.. 

F.R.C.P.,  Obstetric  Physician  to  University  College 
Hospital. 

17.  Midwifery.     By    Francis    H.  Champneys,  M.B., 

F.R.C.P.,  Assistant  Obstetric  Physician  to  St.  George's 
Hospital. 

18.  Diseases  of  the  Skin.     By   Malcolm  Morris. 

F.R.C.S.Ed.,  Surgeon  to  the   Skin    Department,  St. 
Mary's  Hospital. 
Diseases  of  the  Eye.    By  Henry  Power,  F.R.C.S., 

Ophthalmic  Surgeon  to  St.  Bartholomew's  Hospital. 
Diseases  of  the  Bar.     By  George  P.  Field, 
M.R.C.S.,  Aural  Surgeon  to  St.  .Mary's  Hospital. 

21  Diseases  of  the  Throat.    By  Felix  Semon,  M.D., 

M.R.C.P.,  Physician  to  the  Throat  Department,  St. 
Thomas's  Hospital. 

22  Summary  of  the  Therapeutics  of  the  Year. 
■      By  Walter  G.  Smith,  M.D.,   F.K.Q.C.P.L,  Kings 

Professor  of  Materia  Medica,  School  of  Physic,  Tnnity 
College,  Dublin. 
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Authoritative  Work  on  Health  by  Eminent 
Physicians  and  Surgeons. 

The  Book  of  Health. 

A  Systematic  Treatise  for  tlie  Professional  and  General  Reader 
upon  the  Science  and  the  Preservation  of  Health    .  21s, 

CHAP.  CONTENTS. 

I.  Introductory. 

By  \V.  S.  SAVORY,  F.R.S. 

-■  Food  and  its  Use  in  Health. 

By  SIR  RISDON  BENNETT,  M.D.,  F.R.S. 

3.  The  Influence  of  Stimulants  and  Narcotics  on  Health. 

By  T.  LAUDER  BRUNTON,  M.D.,  F.R.S. 

4.  Education  and  the  Nervous  System. 

By  J.  CRICHTON-BROWNE,  I.L.D.,  M.D. 

5.  The  Influence  of  Exercise  on  Health. 

By  JAMES  CANTLIE,  F.R.C.S. 

6.  The  Influence  of  Dress  on  Health. 

By  FREDERICK  TREVES,  F.R.C.S. 

7.  The  Influence  of  our  Surroundings  on  Health. 

By  J.  E.  POLLOCK,  M.D. 

8.  The  Influence  of  Travelling  on  Health. 

By  J.  RUSSELL  REYNOLDS,  M.D.,  F.R.S 

9.  Health  at  Home. 

By  SHIRLEY  MURPHY,  M.R.C.S. 

10.  Health  in  Infancy  and  Childhood. 

,    „  By  W.  B.  CHEADLE,  M.D. 

II.  Health  at  School. 

^,      _  By  CLEMENT  DUKES,  M.D. 

1^.  The  Eye  and  Sight. 

,  ,  „  ,  By  HENRY  POWER,  F.R.C.S. 

Li.  The  Ear  and  Hearing. 

,,  „,  By  G.  P.  FIELD,  M.R.C.S. 

u.  The  Throat  and  Voice 

1^  mv,     m  By  J.  S.  BRISTOVVE,  M.D.,  F.R.S. 

15.  The  Teeth. 

.«  rrv,oQi  ■        ^  TT  ■  CH.\RLES  S.  TOMES,  F.R.S. 

16.  The  Skin  and  Hair. 

17  Tj^oitu  •     T  ^-  '^y  MALCOLM  MORRIS. 

17.  Health  in  India. 

By  SIR  JOSEPH  FAYRER,  K. C.S.I. ,  F.R.S.,  anj 
J.  EWART,  M.D. 

IS.  Climate  and  Health  Resorts. 

By  HERMANN  WEBER,  M.D. 
Edited  By  MALCOLM  MORRIS. 


"  A  volume  which  deserves  high  praise  throughout,  and  which  will  find 
Its  uses  in  evgry  household.— 77;c  Times." 

"The  work  is  what  it  aims  to  be— authoritative,  and  must  become  a 
standartl  work  of  reference  not  only  with  those  who  are  responsible  for  the 
health  of  schools,  workshops,  and  other  establishments  where  there  is  a 
large  concourse  of  individuals,  but  to  every  member  of  the  community  who  is 
:^5r^isfrmrl;^•-/.'^^^^^^^^^^  °f  heaUhy  Uving  forUsclf 

Cassell  i  Compuiiy,  Limittd,  London  ;  ami  all  Booliselltrs. 
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Important  Work  on  Sanitation. 

Our  IIo7nes,  ajid-  Hozv  to  Make 
them  Healthy. 

With  numerous  Practical  Illustrations.  Edited  by  Shirley 
FORSTER  Murphy,  Medical  Officer  of  Health  io  the  Parish  0/ 
St.  Pancras  ;  Hon.  Secretary  to  the  Epidemiological  Society, 
and  to  the  Society  of  Medical  Officers  of  Health.  960  pages. 
Royal  8vo,  cloth  ....  los. 

CONTENTS. 

Health  in  the  Home.    By  w.  B.  RICHARDSON,  M.D.,  LL.D 
F.R.S. 

Architecture.    By  P.  GORDON  SMITH,  F.R.I.B..A..,  and  KEITH 
DOWNES  YOUNG,  A.R.I.B.A. 

Internal  Decoration.      By  ROBERT  w.   EDIS,  F.S.A.,  and 

MALCOLM  MORRIS,  F.R.C.S.  Ed. 
Lighting.     By  R.  BRUDENELL  CARTER,  F.R.C.S. 

Warming  and  Ventilation.    By  DOUGLAS  GALTON,  C.B., 

D.C.L.,  F.R.S. 

House  Drainage.   By  WILLIAM  EASSIE,  C.E.,  F.L.S.,  F.G.S. 
Defective  Sanitary  Appliances  and  Arrangements.  By 

PROF.  W.  H.  CORFIELD,  M.A.,  M.D. 
Water.    By  PROF.  F.  S.  B.  FRANCOIS  DE  CH.^UMONT,  M.D., 

F.R.S.;  ROGERS  FIELD,  B.A.,M.I.C.E. ;  and  J.  W.ALL.ACE 

PEGGS,  C.E. 

Disposal  of  Refuse  by  Dry  Methods.   By  THE  EDITOR. 
The  Nursery.    By  WILLIAM  SQUIRE,  M.D.,  F.R.C.P. 
House  Cleaning.    By  PHILLIS  BROWNE. 
Sickness  in  the  House.    By  THE  EDITOR. 
Legal  Responsibilities.'   By  THOS.  ECCLESTON  GIBB. 

&c.  &c. 

"  A  large  amount  of  useful  information  concerning  all  the  rights,  duties, 
and  privileges  of  a  householder,  as  well  as  about  the  best  me-ins  of  rendering 
the  home  picturesque,  comfortable,  and,  above  all,  wholesome." — Times. 


Fourth  and  Cheap  Edition.    Price  is.  6d.  ;  cloth,  2s. 

A  Handbook  of  N 217^ sing 

For  the  Home  and  for  the  Hospital.  By  Catheri.ve  J.  Wood, 
Lady  Superintendent  of  the  Hospital  for  Sick  Children, 
Great  Ormond  Street. 


Cassell  &  Company's  COMPLETE  CATALOGUE,  containing 
particulars  of  several  Hundred  Volumes,  including  Bibles  and 
Religious  Works,  Illustrated a7id Fine-Art  Volumes,  Children's 
Books,  Dictionaries,  Educational  Works,  History,  Natural 
History,  Household  and  Domestic  Treatises,  Science,  Travels, 
Jec,  togetlicr  with  a  Synopsis  of  their  numerous  Illustrated 
Serial  Publications,  sent  post  free  on  application. 
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